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Preface 


We are pleased to publish a collection of papers presented at the 18th Global Conference 
on Sustainable Manufacturing (GCSM), held on October 5-7, 2022, in Berlin, Germany. 
The conference is annually sponsored by the International Academy for Production 
Engineering (CIRP), committed to excellence in the creation of sustainable products and 
processes. GCSM 2022 was jointly organized by the Institut fiir Werkzeugmaschinen 
und Fabrikbetrieb (IWF/TU Berlin) and Fraunhofer Institut für Produktionsanlagen und 
Konstruktionstechnik (IPK). 

The GCSM 2022 brought together more than 149 attendees from 25 countries provid- 
ing a global forum of academics, researchers, and specialists from universities, research 
institutes, and industry from across the globe, working on topics related to sustainable 
manufacturing. A unique feature of the GCSM conference series is its integration of 
industrial engineering perspectives, sustainable manufacturing applications in emerging 
and developing countries, as well as education and workforce development for advancing 
sustainable manufacturing. Plenary keynote speeches by experienced personalities from 
academics and industry, paper sessions presentations, and workshops of student teams 
from different countries offered new insights and chances for exchange of ideas. The 
conference featured twelve keynote speakers who shared recent advances in cutting-edge 
research and industry practices; these prominent and internationally recognized experts 
elaborated how technologies in the product, process, and system domains can enable 
sustainable manufacturing. 

This volume documents more than 120 contributions presented at GCSM 2022 in 22 
sessions held over three days. The proceedings are organized according to the confer- 
ence program classified into four broad categories as: Sustainable Processes, Sustainable 
Manufacturing Systems, Sustainable Manufacturing Products, and Crosscutting Topics 
in Sustainable Manufacturing. The papers cover a variety of topics in these areas related 
to modeling and simulation of manufacturing processes, product design for sustainabil- 
ity, metrics for sustainability assessment, energy efficiency in manufacturing, strategies 
and business models, as well as education and workforce development for sustainable 
manufacturing. All papers published in these proceedings have been reviewed by experts 
from the international scientific committee. 

In addition to keynotes and paper sessions, a session on student projects was included 
in the GCSM 2022 program to further its mission, by involving the younger on the 
challenges of sustainable manufacturing. Students from different countries exchanged 
their perspectives on how to tackle the “Sustainable Development Goals” of the United 
Nations, by presenting and discussing concrete projects. 
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Abstract. Particularly during grinding of metal workpieces, a high energy con- 
sumption is required during the main process times, so that the resulting energy 
costs represent a significant amount of the total operating costs of the machine 
tool. In this context, the supply of metal working fluids (MWF) during the grinding 
process is often associated with a high energy consumption, but the MWF supply 
strategy (MWF flow rate, MWF nozzle, control and dimensioning of the MWF 
supply pumps) can significantly influence the energy efficiency of such processes. 
In the scope of this work, additive manufacturing was used to produce fluid supply 
nozzles adapted to the respective grinding process. In this work, it was shown that 
by using a flow-optimized nozzle the required power of the MWF supply pump 
can be significantly reduced, allowing to make the grinding process more efficient 
in terms of the energy required. 


Keywords: Grinding - MWF supply - Energy efficiency - Additive 
manufacturing 


1 Introduction 


For the evaluation of production facilities and manufacturing processes with regard 
to energy efficiency, the specific energy is a useful parameter, since it can be used to 
describe the ratio of the energy input to a suitable functional unit of the product or service 
[1-3]. Thus, the energy consumption at the machine tool during steel manufacturing is 
considered and energy-saving solutions are derived from it. Based on the knowledge 
of the energy consumption of individual machine tools, energy efficient process chains 
can be designed [4]. For an objective evaluation of the energy efficiency, however, 
the applicability of the respective manufacturing process for achieving the required 
workpiece properties must be taken into account [3, 5, 6]. 

In grinding processes, the specific grinding energy — the ratio of the spindle power 
to the material removal rate — provides information about the energy consumption at 
the grinding spindle during the machining of a material volume unit and can therefore 
be used to evaluate the energy efficiency of the machining process during grinding. A 
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process optimization, which enables a reduction of the process forces or the spindle 
power at a constant material removal rate, leads to a decrease of the specific grinding 
energy and thus to an increase of the energy efficiency of the grinding process [7-9]. 

During the machining process, the total energy consumption of the machine tool 
results from the energy demand of the individual modules involved in the process. Thus, 
the energy consumption is influenced by the equipment of the machine tool or by the 
energy efficiency of individual modules. In this context, it should be noted that the 
largest energy consumer on a machine tool (machining center or grinding machine) is 
usually the metalworking fluid (MWF) supply system, so that a significant potential for 
increasing energy efficiency can be seen here [10]. 

During the grinding machining of metal workpieces with conventional and high- 
hardness grinding tools, fluid supply in flood mode remains the most commonly used 
type of fluid supply in the industry, due to strong heat generation in the grinding contact 
zone or a high risk of thermal workpiece damage. By optimizing the fluid supply, the 
achievable material removal rate and the workpiece quality can be increased on the one 
hand, and on the other hand the required fluid flow rate and thus the energy consumption 
of the fluid system can be reduced. This increases the energy efficiency of the process 
and the grinding machine [7]. A significant factor for fluid optimization is the shape of 
the nozzle, which, in addition to the shape of the fluid jet, influences the energy required 
for fluid supply. Savings in the energy consumption of fluid supply pumps of more 
than 50% can be achieved without compromising the fluid jet shape and thus the cooling 
lubrication of the grinding contact zone, whereby the use of frequency-controlled pumps 
is required [11]. 

In the context of this work, this aspect is addressed in the following and the use of 
additive manufacturing for nozzle production is investigated. Due to the many degrees 
of freedom that additive manufacturing brings along, complex internal geometries and 
internal structures can be realized, which can positively influence the shape of the jet and 
thus the energy efficiency of the entire grinding process. The aim of the investigation 
presented here is to compare the different nozzle geometries and to evaluate them with 
regard to energy efficiency. 


2 Materials and Methods 


2.1 MWF Supply Nozzles 


In this work, two reference nozzles (modular and needle nozzle) were compared with 
two flow-optimised printed nozzles and evaluated with regard to their performance in 
the grinding process and their energy efficiency. 

The modular nozzles use nozzle inserts, which were arranged as shown in Fig. | 
(right) and which cover the grinding wheel width of 20 mm. In the case of the needle 
nozzle, a similar basic body was manufactured, which holds thin tubes with a diameter 
of 2 mm along a width of also 20 mm. With the help of the different outlet cross-sections 
of the individual nozzle cores or the tubes, it was possible to realise an identical outlet 
cross-section, whereby the same jet flow velocity of 35 m/s can be set. When designing 
the nozzles, it was ensured that the flow speed corresponded to the peripheral speed of 
the grinding wheel, as studies have shown that a flow speed of the grinding fluid adapted 
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to the peripheral speed of the grinding wheel has a positive influence on the grinding 
result. 


Fig. 1. Reference nozzles used; left: Needle nozzle; middle: Modular nozzle; right: Rouse-nozzle 
profile based on Rouse et al. and Webster et al. [12, 13] 


For the flow-optimised nozzle, the design was based on that of Rouse [12]. Accord- 
ing to Rouse, the nozzle shape, shown in Fig. 2, was first developed in connection 
with fire extinguishing systems. The concept of the round nozzle shape was then sub- 
sequently transferred by Webster to a two-dimensional square nozzle for fluid supply 
during grinding [14]. 

A typical MWF nozzle is characterized by abrupt local changes in cross-section 
(tapering). This means that the stream of the flowing media is prone to local high degree 
of turbulence and loss of pressure, which has a considerable effect on jet coherence. In 
contrast, the transitions in the cross section of a Rouse nozzle are smooth. This shape 
prevents the formation of turbulent boundary layers and thus reduces the risk of stalls. 
Studies have shown that the Rouse nozzle is very efficient compared to other nozzle 
shapes, as it allows to produce the longest coherent jet [13]. 

The positive effect of honeycomb structures and guiding elements on a flow has 
already been shown in earlier investigations [13]. In order to examine the influence of 
these structures in front of a cooling lubricant nozzle, a variant of the Rouse nozzle 
with a honeycomb structure was investigated (see Fig. 3). According to Loehrke and 
Nagib, honeycomb structures must be long enough to redefine the velocity profile. At 
the same time, however, the pressure loss increases with increasing length [15]. Studies 
by Szolcek show that the lowest pressure loss can be generated at a length/diameter ratio 
of about 4:1 [16]. Each honeycomb used in this work has a diameter of 1.5 mm. This 
results in a total length of 6 mm for the honeycomb. 

The additive manufacturing of the nozzles is carried out using the 3D printer “Form2” 
from the company Formlabs. This printer works on the principle of stereolithography 
(SL). The material used for printing was a glass-reinforced resin, which has an increased 
tensile modulus of 4000 Pa and a high surface quality, which has a positive effect on 
the roughness of the nozzles. The nozzles were printed with the lowest layer height of 
50 um in order to print as smooth a surface as possible. The printed nozzles were then 
cured under UV light to further enhance the mechanical properties. 
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Fig. 2. Sketch of the investigated nozzles: a) 3D-printed nozzle; b) 3D-printed nozzle with 
honeycombs; c) modular nozzle; d) needle nozzle 


2.2 Experimental Setup and Analysis 


In order to evaluate the manufactured nozzles in the grinding process, surface grind- 
ing tests were carried out in which the nozzles supply the metalworking fluid. The 
experimental environment with the process parameters is shown in the following Fig. 3. 


Process: Surface grinding of a groove 
Workpiece: AISI4140 (42CrMo4) 
(HRC 52) Hardened and tempered 
LxBxH=150x 40x 30mm 

Tool: Corundum grinding wheel 
Diameter = 400 mm; Width = 20 mm 
Dressing: Dressing roller 

qa = 0.8 

MWF supply: Oil (75 l/min) 
Process parameters: up-hill grinding 
v, = 35 m/s ; a, = 20 mm 

| Workpiece a. = 50 - 500 um; ve, = 2.0 m/min 


Dressing Roller 


MWF nozzle 
Magnetic plate 


Force measuring plate 
p 


Fig. 3. Experimental environment including process parameters 


The nozzles were all positioned at an angle of 10° and a distance of 100 mm from 
the point of contact between the workpiece and the nozzle outlet. The needle nozzle 
represents an exception. The needle nozzle was positioned at a distance of 20 mm in 
order to take into account the advantage of the extremely good accessibility due to the 
thin tubes in the investigations. 

To evaluate the resulting forces in the grinding process, the tangential and normal 
forces were recorded during the process with the use of a measuring force plate under the 
workpiece to be ground. The required spindle power, which is also used as a parameter 
for assessing the nozzles, was obtained directly from the spindle. 

The presence of thermal damage was defined as the process limit of the respective 
nozzles, which was identified by the Barkhausen noise measurement. This method is 
suitable due to the fact that the micromagnetic signal to characterize the surface and 
subsurface integrity of the ground workpiece surface is strongly dependent on material 
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modifications, such as yielding and phase transformations due to thermomechanical 
influence, and is therefore able to identify grinding burn [17]. For this purpose, it was 
first necessary to identify the reference value range for thermally undamaged samples 
on the basis of reference samples (only pre-machined and heat-treated). In addition, 
selected metallographic examinations were carried out to validate the Barkhausen noise 
measurement. 


3 Results and Discussion 


In this section, all aspects of the examined nozzles are discussed in order to compare 
them. At the beginning, variables such as the required pressure and the associated pump 
power were looked at regardless of the grinding process itself, which are needed to set 
the required jet parameters. 

Afterwards, variables such as the resulting grinding forces, the process limits and the 
required grinding power are compared with each other. With the help of the measured 
values, a comparison can be made with regard to energy efficiency, which makes it 
possible to evaluate the nozzles. 

The recorded pressures and pump powers when using the respective nozzles are 
shown in the following Fig. 4. 


° Process limit 


W Needle nozzle < Modular nozzle A 3D-printed nozzle with honeycombs @ 3D-printed nozzle 


— - Thermal damage limit 
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Fig. 4. Required pressure and pump power at the nozzle for each nozzle and process limits for 
the different nozzles 


It is evident that the highest pressure and correspondingly the highest pump power 
is required for the needle nozzle. Due to the optimised nozzle geometry, the 3D printed 
nozzles require less energy to achieve the required jet velocity of vs = Vjet = 35 m/s with 
the identical outlet cross-sections. As expected, the use of honeycombs in the 3D printed 
nozzle requires increased pressure and pump power. This behaviour was to be expected, 
as an increased resistance due to the small channels occurs in the form of higher wall 
friction effects, similar to the small channels of a needle nozzle. 

To determine the process limit of the respective nozzle, the depth of cut ag was 
increased further and further until a thermal influence occurred. In Fig. 4, the pro- 
cess limits are plotted evaluating the measured Barkhausen noise. A strong increase 
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of the magnetic parameter (MP) value is a first indicator of thermal influences, as the 
magnetization process is influenced by structural changes. In this paper an undamaged 
workpiece has an MP value of 20. A value above this limit provides evidence of first 
thermal influences on the microstructure. 

When considering the process limits, it becomes clear that the reference nozzles and 
the use of honeycomb structures are beneficial. Despite the increased energy requirement, 
the straightening of the flow through the honeycomb structures leads to an increase in 
the performance of the grinding process. 

Figure 5 illustrates the resulting process forces and the spindle powers using the 
considered MWF nozzles. 
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Fig. 5. Comparison of the process forces and spindle power of the investigated nozzles 


The process forces and spindle power turn out to be lowest with the needle nozzles 
while at the same time requiring the highest pressure and pump power. In addition, the 
use of a honeycomb structure has a negative effect on the process forces. Compared to the 
needle nozzle, the use of the printed nozzle produces similar process forces, but requires 
a higher spindle power. The highest specific material removal rates (12 mm?/mm s) 
without thermal damage can be achieved with the needle and modular nozzle. 

Based on the knowledge gained, the specific energy for all nozzle concepts used 
was determined. The extended approach, which was applied in the context of this work, 
includes not only the spindle power (Pe) but also the power from the fluid supply pump 
(Pa) and the base power of the grinding machine (Ppp) (constant at 2kW) (see Eq. 1), 
whereby the entire grinding process is covered and a realistic consideration of the energy 
consumption can be done [9]. 


Crotal = ec + ebp + eci = 


P P Pal W. 
c b 4. af J a) 


+ 
Qw Qw Qw 
Another aspect is the achievable process limit, which strongly depends on the process 


input variables (tool and process parameters) or the process control. Thus, an evaluation 
of different fluid supply concepts can be carried out when using a decentralised fluid 


mm? 
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supply. The diagrams of the specific energy (energy efficiency diagrams) elaborated serve 
to evaluate the investigated nozzle designs and different materials with regard to their 
achievable process limit, the energy consumption required for this and with regard to the 
resulting energy efficiency of the entire grinding process. An external power analyser 
of the type WT500 from YOKOGAWA was used to measure the grinding power at 
the grinding spindle. Also the power for the fluid supply was measured directly at the 
frequency converter of the supply pump (Fig. 6). 


Hi Needle nozzle < Modular nozzle Å 3D-printed nozzle with honeycombs @3D-printed nozzle 


100 
E 90 @ Process limit 
o 
Z 80 
oe 
5% 70 PL 
BE o a 
2 50 
40 
o 
a 30 
4 6 8 10 12 


Specific material removal rate Qw‘ [mm?/mm s] 


Fig. 6. Specific total energies for all examined nozzles 


Despite the high pump power requirement using the needle nozzle, which has already 
been demonstrated, the specific energies are equivalent to those of the modular nozzle 
and the 3D-printed nozzle with honeycomb. This is due to the efficient cooling and 
lubrication during the grinding process, which ensures that a lower spindle power is 
needed. In comparison to the reference nozzles, the 3D-printed nozzle allows the most 
energy-efficient use, whereby the process limit is the lowest. 


4 Conclusions 


In this work, it was shown that 3D printing can be used to create efficient MWF nozzles. 
With the help of 3D printing, it was possible to produce the internal geometry flow- 
optimised to the respective grinding task. In particular, the use of flow straightener in the 
form of honeycomb structures can have a significant positive influence on the jet shape 
in the case of extremely turbulent flow into the nozzle. However, it was also shown that 
the use of needle nozzles provides the best positive effect on the spindle power during 
the process. For this reason, when choosing the nozzles, it must be decided whether an 
energy-efficient process approach is desired or whether the process limit needs to be 
increased. 

In addition to these investigations, other materials such as metal are part of the focus 
of future work as well as their effect on achievable roughness within the nozzle and 
the wear resistance in long-term use due to their different material properties. Within 
the scope of the presented work, only surface grinding has been considered so far. With 
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the help of the large number of degrees of freedom in 3D-printing, far more complex 
nozzle geometries and outlet cross-sections can be produced, which is why other grinding 
processes, such as profile or tool grinding, are to be considered in the future, in order to 
further utilise the potential of 3D printing for the production of MWF nozzles. 
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Abstract. In machining processes, system-immanent process vibrations 
lead not only to lower surface quality of workpieces but also to the 
degradation of the machine and tool wear. Effectively minimizing pro- 
cess vibration amplitudes without costly software or hardware add-ons 
is a research topic that demands further investigation. In this regard, 
this article focuses on the further development of a holistic milling pro- 
cess model as well as the experimental and simulation-based vibration 
analysis. The interaction between the nonlinear behaviors of the cas- 
cade controlled electric motors and the process parameters are practically 
evaluated. Moreover, based on the experimental and simulation results, 
a correlation analysis of the machine control parameters and the process 
vibration amplitude has been implemented. 


Keywords: integrated simulation system - machining - process 
vibration - cascade control 


1 Introduction 


To meet the demands of shorter product life cycles and higher quality require- 
ments, considerable flexibility and dependability in manufacturing are required 
on an ongoing basis. Furthermore, product complexity and the number of prod- 
uct varieties are increasing as markets and production become more globalized. 
The use of new manufacturing technologies, as well as their digitization and 
automation, has become critical in this respect. Using simulation technology, in 
particular, is becoming increasingly important across the product life cycle. Mod- 
eling complex systems, such as machine tools and machining processes, improves 
production and product development efficiency in terms of both time and cost. 
Particularly, the need for a trial-and-error process to test a novel approach on 
actual process and machinery is replaced by simulation. The implementation of 
more sustainable manufacturing practices can be therefore facilitated. 

In this work, a simulation model predicting cutting forces and milling process 
vibrations has been constructed and experimentally verified in order to analyze 
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the dynamic behavior of milling processes with varied parameters. The milling 
process model, when combined with the model of the cascade controlled feed 
drives, allows for a more comprehensive investigation of the nonlinear dynamics 
of AC electric motors and the mechanical vibrations of machining processes. 
Subsequently, a correlation study of the control parameters and the process 
vibrations has been performed based on the experimental and simulation results. 


2 State of the Art 


First, based on the literature, the current state of research on modeling cutting 
forces and vibration in machining operations, is briefly presented in this part. 
Second, various techniques of reducing process vibrations are characterized and 
compared. 


2.1 Cutting Forces and Vibration Modeling 


Analytical approaches are used to calculate the forces and vibrations generated 
by the machining operations. The depth of cut in the simulation techniques in 
[1,2] was calculated by taking into account both the static and dynamic com- 
ponents resulting from the tool geometry and process kinematics, as well as the 
dynamic vibrations. By converting forces into cutting edge coordinates for turn- 
ing, drilling, and milling procedures, Kaymakci et al. established a unified cutting 
force model in [3]. Smith and Tlusty [4] introduced the time marching methods 
for simulating process states at discrete time periods. The time-discrete estima- 
tion of cutting forces for five-axis milling operations was verified by Lazoglu et 
al. in [5]. In the time-domain simulation system with improved computing time 
in [6], a model of chip formation of each tooth feed was developed utilizing the 
CSG (constructive solid geometry) modeling method. For a more comprehensive 
assessment of virtual systems of machining processes, the reader is directed to 
the literature [7]. 


2.2 Process Vibration Reducing Techniques 


Munoa et al. gave a critical review of the evolution of each approach and the rele- 
vant industrial application while demonstrating several chatter reduction strate- 
gies in [8]. Modifying the process parameters and the spindle speed based on 
the stability lobe diagram (SLD) is one technique to reduce chatter. Intensive 
research on process stability utilizing SLD has been undertaken over the last 15 
years, including process damping modeling [9], thin wall machining [10], multi- 
task operations [11], SLD accuracy enhancement [12], and new ways for mon- 
itoring dynamic parameters [13]. Spindle speed variation methods are another 
effective way for decreasing chatter. These strategies focus on adjusting the tool 
cutting edge passing period to vary the period between the modulations, as the 
modulations in chip thickness induce regenerative instability [8]. 
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Despite many methodologies and applications for modeling machining pro- 
cesses, understanding of the relationship between motion control parameters and 
machining process dynamics remains restricted. Furthermore, minimizing pro- 
cess vibrations and, as a result, optimizing the process outputs without extra 
costly software or hardware change is a study issue that requires further inves- 
tigation. In comparison to external software solutions, an independently built 
simulation model of the machining process with integrated motion control simu- 
lation allows for greater flexibility for fundamental scientific research. Moreover, 
it enables a more thorough assessment of the assigned variables and applied 
functions. Last but not least, the established model allows for the reproducible 
investigation of interdependencies between control and process parameters in an 
enclosed system. 


3 Milling Process Modeling with Cascade Control 


The specifically developed simulation system [14] is used to investigate the influ- 
ence of control parameter variation on the process vibration amplitudes. The 
schematic structure of the model is shown in Fig. 1. 

The NC-file is initially converted into a matrix consisting of discrete time 
steps, the set coordinates of the tool path, the spindle speed, the feed rate as well 
as the logical values for the cutting operation. The motion control model receives 
the position coordinates as input for the cascade control. Subsequently, with the 
assistance of the configured PMSM (Permanent-Magnet Synchronous Motor) 
model and the model of torsional oscillators as the analytical representation of 
the mechanical elements, the actual position values are calculated and sent to the 
two dimensional process sub-model. In the process sub-model, the chip thickness 
is calculated as the distance between the instantaneous cutting edge and the 
semi-finished workpiece polygon contour at each time step. By subtracting the 
simulated chip polygon, the workpiece geometry is incrementally updated. Based 
on the Kienzle formula, the process forces and load torques are calculated and 
fed back to the PMSM model. The output vibration amplitudes are generated 
from the mechanics model, which contain the forced vibrations resulted from the 
periodically varying cutting forces computed in the process sub-model. These are 
plotted and analyzed for the model validation in Sect. 4.2. 


4 Experimental Results and Model Validation 


In order to verify and validate the simulation model presented in Sect. 3, exper- 
imental tests have been carried out at the Institute of Resource and Energy 
Efficient Production Systems at the Friedrich-Alexander-Universitaét Erlangen- 
Nurnberg in Germany. In this section, firstly, the experimental setup of the 
milling process vibration measurement is specified. Subsequently, the simulation 
results of the milling process model with different motion control configurations 
are verified by comparing to the experimental results. 
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Fig. 1. Schematic structure simulation system 


4.1 Experimental Setup 


A series of milling operations has been performed in the DNM 500 vertical 
machining center fabricated by Doosan Machine Tools Co., Ltd. The work- 
piece clamping setup and its schematic representation are shown in Fig. 2a and 
Fig. 2b respectively. The workpiece composed of stainless steel X2CrNiMol17- 
12-2 measures 60mm in length and width. The milling cutter used is a corner 
milling cutter from Walter AG, model M4132-040-B16-05-09, with five inserts 
SDMT09T320-F57 WSP45S. The machine vice is turned 45°C clockwise to 
examine the coordinated motion control of the two feed axes using a predeter- 
mined straight milling tool path. The tri-axial acceleration sensor W356B11/NC 
and the Apollo light measurement system are used to record the vibration ampli- 
tudes during the milling process. 
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Fig. 2. Experimental setup 
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4.2 Comparison of Experimental and Simulation Results 


The process parameters selected both in the experimental and simulated milling 
process are listed in Table 1. In Fig. 3, a 0.3-second section of the time sequence 
of the vibration amplitudes is extracted for the visualized comparison of the 
experimental and simulation results. The thick lines in solid red and long-dashed 
blue represent the envelopes of the vibration signals practically measured and 
simulated respectively. Using Fast Fourier Transform (FFT), the corresponding 
spectral analysis of the vibration signals up 200 Hz is shown in Fig. 4. It can be 
observed that the simulation result to a great extent agree with the experimen- 
tal result. The tooth passing frequency, which is proportional to the rotational 
frequency of the spindle, can be clearly identified in the experimental and sim- 
ulation signal spectra, at 66.1 Hz and 65.6 Hz respectively. 


10] 
Table 1. Process parameters E J- 
2 S 
E ‘il 
Parameter Value 54 
Feed rate 398 mm/min Eo i 
Feed per tooth | 0.1 mm © [leap envelope — sim. envelope 
Spindle speed | 796 rpm 17 1.75 1.8 1.85 19 s 2 
time 
Depth of cut 2 mm 
Cutting width | 8 mm Fig. 3. Comparison experimental and simu- 


lation results 
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Fig. 4. Spectral analysis vibration amplitudes 


In order to further verify the plausibility and validity of the motion control 
sub-model, the process vibration behavior under various position controller con- 
figurations has been practically and simulationally evaluated. For each variation 
of the proportional gain factor K,, the root mean square (RMS) of the vibration 
amplitudes over the complete milling process is calculated and compared (see 
Fig. 5). Fifteen experimental iterations have been carried out respectively with 
K, = 6,11, and 20. The corresponding standard deviations are demonstrated 
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as error bars in the diagram. Based on the reproducibility of the simulation 
results, the standard deviations of the simulated vibration amplitudes remain 
zero. The simulation model and the experimental tests yield comparable results 
with percent errors between 1 to 5%. Both experimental and simulated results 
indicate that a higher K,-value, representing a more dynamic motion control 
configuration, lead to more active vibration behavior. 
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Fig. 5. Comparison RMS with K, = 6,11, 20 


5 Correlation Analysis of Control Parameters 
and Vibration Amplitudes 


In this section, the validated simulation model is implemented to efficiently eval- 
uate the correlational relationship between the motion control parameters and 
the process vibration behavior. The process parameters utilized for executing the 
simulation are identical as listed in Table 1. The examined control parameters in 
this paper are the proportional gain factor of the position controller K, and that 
of the P-part of the speed PI controller K,. In the first test series, the K,-value 
has been configured from 1 to 20, with a sampling interval of 1, where the speed 
controller remains unchanged, with Kp = 9, and the reset time of the [-part 
T, = 0.004. Analogously, in the second test series, K, and Ta remain constant, 
with the values of 6 and 0.004 respectively, where the K,-value increases from 
0.5 to 10, with an interval of 0.5. For each simulated milling process, the RMS 
of the process vibration amplitudes is calculated. The simulation results of the 
first and second test series are shown in Fig. 6a and Fig. 6b. It can be observed 
that both vibration-K, and vibration-, curves are monotonic. To quantify the 
monotonic correlational relationship between two variables, the Spearman’s rank 
correlation coefficient rs is calculated according to Eq. (1) 

rw oun ese). (1) 

FR(X)OR(Y) 

where cov( R(X), R(Y)) is the covariance of the rank variables R(X) and R(Y), 
OR(x) and ory) are the standard deviations of the rank variables [15]. The value 
of r, for the variables vibration amplitude and K,-factor equals 0.989, demon- 
strating a very strong positive monotonic correlation. On the other hand, rs for 
vibration amplitude and K,-factor indicates a very strong negative monotonic 
correlation, with the value of —1. 
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Fig. 6. Simulation results process vibration RMS 


6 Summary and Outlook 


This paper proposes a novel milling process model integrated with motion con- 
trol simulation with electrical feed drives. The interactions between the nonlinear 
behaviors of the electrical motors and the milling process vibrations are com- 
putationally reproduced. The functionality and the accuracy of the simulation 
model have been verified by conducting multiple experimental tests. The results 
demonstrate that the simulation model accurately calculates the tooth pass- 
ing frequency with a margin of error of less than 1%. The RMS of the process 
vibration amplitudes features percent errors less than 5%. Moreover, based on 
the Spearman’s correlation method, the correlational relationship between the 
control parameters, K, and Kp, and the process vibrations is identified as very 
strong monotonic. The focus of future study will be on the improvement and 
the extension of the simulation model for a more comprehensive representation 
of the physical machine tool, especially for the computation of a wide-spectrum 
and high-resolution spectral analysis of the process vibration signals. A model 
extension into the third dimension with prediction of the surface finish of the 
workpiece is inevitable for the computation of the self-excited chatter vibrations. 
Furthermore, a thorough investigation on the configuration of vibration-reducing 
control parameters should be carried out. 
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Abstract. Cutting fluids used in machining have received a lot of attention due 
to their adverse environmental and economic effects. Researchers have studied 
cutting fluid usage in traditional machining processes such as turning, facing, 
milling, etc. However, few studies focused on the cutting fluid used in band sawing 
applications. This study reports a literature review of the usage of the cutting 
fluid in band sawing and their sustainable and economic aspects. A review of 
the literature and industrial data has shown that the majority of band saw blades 
use high-speed steel as the cutting tool material for cutting metal. This study 
presents a metric-based sustainability assessment and a detailed analysis of recent 
economic factors such as the cost of the cutting fluids used in band sawing through 
industrial case studies. A global survey of the cutting fluid usage in the bandsawing 
application has shown that the majority of the industry is employing flood coolant 
application. The flood coolant application cost can be as high as 8% of the total 
consumables cost of the band sawing process. 


Keywords: Band Sawing - Sustainability - Cutting Fluid 


1 Introduction 


While cutting fluids are a small part of the machining process, they are of particular 
interest when studying the sustainability of those processes. Cutting fluids may contain 
components that are harmful to both the environment and workers exposed to them. 
Mist coolant and lubrication systems can be especially harmful due to their aerosolizing 
effects. Special care must be taken to select the proper fluid and reduce worker expo- 
sure. In terms of sustainable machining processes, another area of interest that is often 
neglected is waste management. Cutting fluid requires a hazardous waste fluid stream in 
order for it to be properly disposed. In plants that include other sources of waste fluid, 
this is not a significant issue. However, many bandsaw users do not have other fluid waste 
sources beyond small volumes of hydraulic oil. Specialized handling can add significant 
cost to use and financial incentives for improper disposal. 

In traditional machining, cutting fluid has been an active area of study for many years 
[1,2]. Researchers have studied sustainable solutions for traditional machining processes 
such as minimum quantity lubrication [3], targeted cutting fluid application [4-8], and 
cryogenic application [9]. However, studies investigating cutting fluid in band sawing 
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have been very limited. Further, band saw cutting fluid sustainability, and economics are 
almost entirely unexplored. Band sawing differs significantly from traditional processes, 
making lesson carry over between sawing and traditional machining difficult. Band 
sawing has a lower depth of cut than traditional machining [10-12]. The combination 
of small depth of cut, multi-tooth interrupted cutting, and high-speed steel (as tool 
material) in bandsawing has produced accelerated edge wear. In order to reduce the 
edge wear, flood coolant is predominately used in the band sawing process irrespective 
of the workpiece material. MQL (minimum quantity lubricant) mist system are popular 
in the industry for cutting structural workpieces (I-beam, tubes etc.) as the flood system 
causes clutter and has potential safety hazards [9]. The mechanics of sawing make 
sustainability-focused innovations like targeted fluid and through tool coolant difficult 
or impossible. 


2 Literature Review 


For traditional machining processes such as turning, facing, milling, drilling, grinding, 
researchers have investigated the effectiveness of the cutting fluid on machining per- 
formance metrics such as tool life, surface finish, machining induced surface residual 
stresses, and economics, etc. [1—3, 13]. In contrast, the overall number of peer-reviewed 
papers for bandsawing applications is far fewer than traditional manufacturing pro- 
cesses. A review of the published literature is shown in Table 1, shows that the effects 
of the cutting fluids were not studied until recently. Sawing has a long and storied his- 
tory stretching back to at least the ancient Egyptians who made hardened bronze saws. 
Somewhat unexpectedly, sawing of ferrous metals has existed for more than 140 years. 
Grimshaw, in his 1880 essay on saws, discusses the recommended saw type and con- 
ditions for wrought iron and steel beams [14]. Grimshaw discusses the lubrication of 
saw blades with grease to prevent gumming or buildup of resin when sawing wood. 
The 1880’s literature also discusses the possibility of misted water to cool and lubri- 
cate circular saw blades [14]. However, after that, experimental-based studies to find 
the effectiveness of the cutting fluid while bandsawing have been minimal, as shown in 
Table 1. In his 1976 report, Taylor showed that using a flow rate of 2 l/min and soluble 
oil coolant allowed an increase in the production rate of 30% by increasing the feed rate 
[15]. The same study found that cutting fluid had minimal effect on useable band speeds 
[15]. Soderberg et.al’s 1983 experimental work to cut medium carbon steel, alloy steel, 
and stainless steel with molybdenum-based steel tool tipped band saw blades, did not 
study the effect of the cutting fluids [16]. Their study found that sawing speed for bimetal 
should be tuned to the highest speed where a BUE is still formed to protect the tooth from 
the heat generated at the primary shear zone [16]. Soderberg et.al’s 1986 experimental 
study to determine tool tip wear mechanism with similar work material and different 
tool tip material did not consider cutting fluids [17]. Similarly, Doraisingam [18], Khan 
et. al [19], Sarwar et. al [20], Thaler e. al [21], and Orlowski et. al. [22] experimentally 
studied the effects of coatings, tool tip material while bandsawing different work piece 
material without considering the usage of cutting fluid. Other studies that reported usage 
of the cutting fluid while cutting materials such as Ti-7, Inconel 718, and medium carbon 
steels, did not evaluate the effect of the cutting fluids [23-26]. 
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Table 1. A literature review: experimental-based research in metal band sawing process 


First author last name, 
year 


Grimshaw, 1880 [14] 


Material being 
band sawed/cut 


Wood, Metal, Bone 
etc 


Band saw blade tip 
material 


Steel based tips 


Cutting Fluid (CF) 
used 


Water to cool and 
lubricate, grease to 
lubricate 


Taylor, 1976 [15] 


En44E 


M42 tool steel 


Soluble oil coolant 


Söderberg, 1983 [16] 


AISI 1045, AISI 
4337, AISI 316 


M2 tool steel 


Soluble oil with 
water 1:5 


Söderberg, 1986 [17] 


AISI 1045, AISI 
4337, AISI 316 


M2, M35, and M42 
tool steels 


No mention of CF 


Doraisingam, 2003 [18] | Stainless Steels, M42 tool steel No Mention of CF 
Tool steels 

Khan, 2009 [19] Ti-6Al-V Uncoated carbide tip | No Mention of CF 

Sarwar, 2009 [20] 17-7 SS, AISI M42 tool steel No Mention of CF 
52100 

Asilturk, 2009 [27] AISI 4140 M42 tool steel Boron oil 20% 

Litvinov,2011 [23] AISI 1045 M42 tool steel 10% emulsion-based 

oil 

Saglam, 2011 [24] AISI 1045, AISI M42 tool steel 5% emulsion-based 
1060, AISI 4140 semi synthetic 

Khan, 2012 [28] Ti-17 TiAISiN coated and Flood coolant 

uncoated carbide 
Thaler, 2014 [21] St37 (DIN 17100) | M42 tool steel No Mention of CF 
Khan, 2014 [25] Ti-17 AITiN Coated and Flood coolant 


uncoated carbide 


Khan, 2019 [26] Inconel 718 Single tooth carbide Flood coolant 
Orlowski, 2020 [22] 66Mn4 M71-C, and M42 tool | No Mention of CF 
steels 
Rakurty, 2021 [11] D2 Steel Uncoated carbide Dry, flood coolant, 
MQL and MQC 
Rakurty, 2021 [10] A36 Steel M42 tool steel Dry, flood coolant, 
MQL and MQC 


However, the recent studies by Rakurty et al. have shown that the cutting fluid 
amount, type, and workpiece geometry effects the performance of the band saw blade 
[10, 11]. Their study focused on researching the effects of using sustainable solutions 
in bandsawing solid and structural I-beam sections on tribological parameters such as 
cutting forces, and cut surface characteristics. Cutting forces, surface roughness, tool 
wear variations showed little correlation with different types of sustainable conditions. 
The sustainable conditions studied in their work are dry, Minimum Quantity Coolant 
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(MQC), Minimum Quantity Lubricant (MQL), and industry-standard flood coolant [7, 
8]. Based on the literature review, one can easily conclude that a comprehensive study 
on the effects of cutting fluids on band sawing is very much needed, and also, more 
importantly, the effects of the sustainable solution need more attention and research to be 
effectively used in the industry. One of the first steps in developing sustainable solutions 
in bandsawing process, an essential manufacturing process, is to review the cutting fluids 
used in the industry globally and use a metric-based approach to provide state of the 
art report. A metric-based approach for evaluating the sustainability of manufacturing 
processes, such as ProcSI, was developed and used in traditional manufacturing processes 
[2, 29, 30]. The Process Sustainability Index (ProcSI) provides a quantitative assessment 
for any manufacturing process [31]. 

Thus, in the study, along with a comprehensive literature review, a global survey is 
conducted to report state of the art in the industry for evaluating the sustainability impact 
of the cutting fluids systems used in the band sawing. 


3 Cutting Fluid Usage Band Sawing: Global Case Studies 


3.1 Economic Analysis 


To evaluate the global sustainability impact of cutting fluid used in the bandsawing 
industry, bandsaw users from four different countries (Indonesia, India, Northern Ire- 
land, and the USA) were chosen. The case studies from Indonesia, India, and the USA 
(California) use flood coolant to cut both solids and structural cross-sections, whereas, 
in Northern Ireland, they use MQL system to cut structural material. In the band sawing 
industry, typically, the flood coolant system uses a water-soluble cutting fluid mixed at 
a specific ratio with water, whereas the MQL system uses unmixed oil (no water). For 
the sake of brevity, in this survey, machine cost, workpiece geometry variation, cutting 
tool type, and the conditions are not considered. All the data from this section of the 
study is from the end users of The M. K. Morse Company. The saw blade [32] end users 
provided the information such as coolant type, quantity, frequency of recycling, method 
of recycling, etc., per year. Also, provided the time required to maintain the cutting fluid 
system and saw blade life, usage per year. Using the information provided by the saw 
blade users, the following case studies are evaluated. 

Typically, in the bandsaw industry, cutting fluid costs are not considered when a job’s 
manufacturing cost is evaluated/estimated. In this paper, the economic impact of cutting 
fluid in bandsaw industries is evaluated by comparing it to the cutting tool cost. This 
study evaluates both direct and indirect costs associated with using cutting fluids and 
also cutting tools. The average annual cutting fluid (direct and indirect cost) and average 
annual cutting tool cost for the financial year 2020-2021 were collected as part of the 
survey for all four case studies. Figure | shows the manufacturing cost as a percentage of 
cutting tool cost and cutting fluid cost for all four case studies. As expected, the cutting 
tool cost was over 90% of the total cost (cutting tool and cutting fluid) for all four cases. 
It is interesting to note that cutting fluid costs were 8% of the total cost for the flood 
coolant users in India and California, whereas MQL user in Northern Ireland was just 
2%. This difference is attributed to the economic benefits of using the MQL system. 
MQL system typically uses 30-300ml/hr. of cutting fluid, whereas flood uses 4—6l/hr. 
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of cutting fluid. Further, MQL system users do not have any disposal/recycling costs 
associated with it. 

Despite using flood coolant, the cutting fluid cost is only 4% of the total cost for the 
case study in Indonesia. On further investigation, it was found that the user in Indonesia 
does not recycle/dispose of their cutting fluid and hence does not have any cost associated 
with it. Figure 2 shows the cutting fluid cost as a percentage of maintenance cost and 
disposal cost. Cutting fluid maintenance costs includes cutting fluid costs, labor cost 
associated with coolant maintenance, and water cost (applies to flood only). 


E Cutting Tool Cost Œ Coolant/Cutting Fluid Cost 


wo 4% 8% 2% 8% 
80% 

60% 

40% 

20% 


0% 
Indonesia - India - Northern California - 
Flood Flood Ireland - Flood 
coolant coolant MQL coolant 


Case study location - Cutting fluid system 


Fig. 1. Manufacturing cost as a percentage of cutting tool cost and cutting fluid cost 
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Case study location - Cutting fluid system 


Fig. 2. Total cutting fluid cost as a percentage of maintenance cost and disposal cost 


3.2 Sustainability Index (SI) Evaluation 


An initial attempt was made to adapt the ProcSI technique to the bandsawing pro- 
cess to evaluate the sustainability index of the flood coolant and MQL systems used 
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predominantly in the industry. The ProcSI consists of five major categories: manufactur- 
ing cost, energy consumption, waste management, environmental impact, and personal 
health. The only quantitative analysis that could be effectively performed with these case 
studies is the cost associated with cutting fluid. The manufacturing cost category was 
evaluated using the direct and indirect costs associated with the cutting fluid. The other 
factors/categories in the ProcSI were evaluated using a sustainability scale developed 
by Tao Lu [29]. A score close to zero is theoretically a worst-case scenario, while a ten 
is a best-case scenario. Also, a score of four meets the minimum requirement, while 
six is above average status [29]. These factors are scored relatively by comparing the 
differences between the flood coolant and the MQL systems. Table 2 shows the ProcSI 
evaluation of cutting fluid application/usage for both systems. In general, bandsaw blade 
users are not using changing or monitoring the cutting fluid for productivity or cutting 
performance; thus, an attempt is made to approach a metric-based study to alter the 
approach of bandsaw blade users. 


Table 2. ProcSI evaluation for flood coolant and MQL systems [29] 


Category Sub-category Flood coolant MQL 
Manufacturing cost Direct & Indirect cost (cutting fluid) 4 6 
Energy Consumption Production 5 5 
Transportation 4 7 
Maintenance 4 5 
Waste management Consumables: cutting fluid & water 4 7 
Environment Impact water 4 8 
disposed waste 5 8 
Personal Health Working environment conditions 5 4 
Overall ProcSI 4.4 6.3 


Production, transportation, and maintenance are the sub-categories considered under 
energy consumption. The flood coolant system uses a filtration system and a motor to 
circulate the coolant, while the MQL system uses compressed air and a motor to deliver 
the mist at the cutting edge. The maintenance of the MQL system is relatively more 
straightforward than the flood system due to the lower volume and no water consumption. 
Further, frequent recharge/ replenishment of the coolant is necessary for flood coolant 
systems due to water evaporation and coolant losses with the workpiece. The coolant 
disposal in the flood coolant system is another burden for manufacturers, causing further 
financial impact and contributing to waste generation. 

In contrast, the MQL system generally uses biodegradable vegetable oils. The aerosol 
effects of the MQL system may cause concern for personal health, whereas the flood 
coolant system generates hazardous waste fluid. For simplicity, the overall ProcSI is 
calculated by equally weighing all the sub-categories considered in this study. There is a 
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clear difference between the flood and MQL systems, further validating the importance 
of understanding the effects of different cutting fluid systems. 


4 Conclusions 


The literature review highlighted that cutting fluid effects in bandsawing are seldom 
studied and need more attention from both academic and industry research. Further study 
could potentially reduce the usage of the cutting fluid and improve the band saw blade 
life, thereby increasing the sustainability of the band sawing process. A global survey of 
the cutting fluid usage in the band sawing application has shown that the majority of the 
industry is employing flood coolant application with flow rate of more than 4—6 l/min. 
The flood coolant application cost can be as high as 8% of the total consumables (cutting 
fluid and cutting tool) cost of the band sawing process. An initial attempt at evaluating 
the flood coolant application and MQL using ProcSI, a metric-based sustainable index, 
has shown that a sustainable solution such as MQL can be economic, environmental, 
and energy-friendly. Future research is recommended to assess ProcSI metrics for other 
sustainable solutions such as MQC and dry along with their industrial applicability. 
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Abstract. Cutting forces in turning processes usually correlate with tool condi- 
tions. For this reason, the acquisition of force signals is of key importance for 
monitoring purposes. Despite the robustness of current piezoelectric measuring 
platforms, their large weight ratio relative to standalone tool-holder systems limits 
their effective usable bandwidth for analyzing force signals. Further limitations 
include high costs and lack of flexibility for general purpose turning operations. 
Due to this, such systems fail to find acceptance in practical applications and are 
mainly limited to research activities. To improve these aspects, this work inves- 
tigates the use of an alternative integration concept using a piezoceramic thick 
film sensor for performing near-process cutting force measurements at the tool- 
holder. The charge output of the sensor was estimated using a coupled structural- 
piezoelectric simulation for its design. The modelled prototype was assembled 
and characterized by means of a static calibration and an impact hammer test. 
Following these, a first implementation of the system under dry cutting conditions 
took place. 


Keywords: piezoceramic thick film sensor - lead zirconate titanate (PZT) - 
cutting force 


1 Introduction 


Cutting forces in machining operations have been studied extensively due to their sen- 
sitivity to changes in process states [1]. They have been further used mainly in research 
activities as input for process optimization, and for monitoring tool wear [2]. The static 
and dynamic components of force signals are used in the latter case, because the low 
frequency amplitudes and certain components at higher frequencies increase with higher 
friction between tool and workpiece when wear is present [3]. Monitoring turning pro- 
cesses is of key relevance for optimizing tool life and reducing workpiece waste by pre- 
dicting tool breakage, thus optimizing resource use and output quality of the workpiece. 
This contributes positively to increasing sustainability in turning processes. 
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For measuring forces and torques in manufacturing technology, piezoelectric sensors, 
strain gauges, and, occasionally, inductive and capacitive position transducers are utilized 
[4]. Piezoelectric based plate dynamometers are usually preferred due to their high 
stiffness and good static properties, such as good linearity and negligible crosstalk [2]. 
Commercial plate dynamometers, for example the models 9121 or 9119A from Kistler, 
have been used in several research works in the field of machining process monitoring 
[5]. A drawback of such systems resides in their relatively limited usable frequency 
bandwidth before attaining resonance at 0.7 - 1 kHz, caused by their relatively high 
mass compared to the standard tool-holders (mass ratio of 3:1) [6]. A further limitation 
for practical applications relates to the high cost of the system. 

Some approaches in the literature dealt with the issues of improving integrability, 
reducing system mass, and improving the usable bandwidth. Klocke et al. [6] proposed 
a modular sensor concept for integration in a rotating tool-holder for face-milling. The 
individual sensor modules were tested in a lathe turret and compared with a reference 
plate dynamometer by performing static and dynamic measurements with the help of 
an impact hammer. The dynamic limit of the proposed sensor system of 2.1 kHz was 
obtained by means of a dynamic test under ideal conditions and a value of 1.7 kHz was 
established under real cutting conditions. This showed an improvement in contrast to 
the transfer function of a plate dynamometer, which achieved a first resonance peak at 
approximately 1 kHz. Similar results are presented by Totis et al. in [2, 5]. 

Drossel et al. [7] proposed a novel concept for measuring cutting forces in milling 
applications and in the direct vicinity of the indexable insert. The sensor concept con- 
sisted of a carbide plate coated with a piezoceramic thick film sensor layer of lead 
zirconate titanate (PZT), which was mounted behind the tool insert [7]. The high quality 
of the measured signals was compared to that of signals obtained with a conventional 
dynamometer, showing the high potential of the approach for improving the integrability 
of this type of sensors in machine tools, by reducing the required mounting space and 
the influence on the tool-holder rigidity and mass properties. 

This work further investigates the integration of piezoceramic thick film sensors for 
measuring cutting forces in turning processes. The previous implementation proposed 
by Drossel et al. was done for milling operations, which focused on the dynamic char- 
acteristic of the force signals. The novelty of this work consists in qualifying the sensor- 
technology for also measuring the quasistatic component of the cutting force signals. 
The following objectives were pursued: (1) to estimate the performance of the sensor at 
the integration location in the tool-holder by means of a static structural-piezoelectric 
coupled simulation, (2) to fabricate and assemble the designed sensor geometry in the 
tool-holder system and to characterize its static and dynamic properties, (3) to perform 
cutting tests in turning operations and compare the acquired force signals to those of 
a reference dynamometer, and (4), to conclude on the performance of the sensing app- 
roach and relevant aspects for optimizing the design. The results of this work cover a 
first step towards qualifying the sensor for quasistatic force measurements. Future work 
includes extending the sensing principle to a continuous monitoring scenario with the 
aim of optimizing turning processes in the context of sustainable manufacturing. 
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Piezoelectric materials have the property of converting mechanical energy to electrical 
energy. This occurs by generating an electric polarization (charge) proportionally to the 
application of a mechanical stress, and it is a natural property of some single crystals like 
quartz, ferroelectric ceramics (e.g. PZT), and piezoelectric polymers [8]. Models used 
for simulating the direct piezoelectric effect are defined by coupling the structural and 
electrical fields occurring in the material. For static analysis relating the output voltage to 
a given constant strain, piezoelectric materials are modelled considering their structural 
elasticity, piezoelectric coupling, and dielectric permittivity as follows [8]: 


{T} = [cl{S} — [el{E} 


1 
(D} = [e]"{S} + [eKE)} i) 


In (1), {T}, {S}, {D}, {E}, are the stress, elastic strain, electric flux density, and 
electric field intensity vectors. The matrixes [c], [e], [e] represent the elastic stiffness, 
the piezoelectric coupling, and the dielectric permittivity respectively. 

The previous formulation was implemented in ANS YS-Workbench in order to sim- 
ulate the charge output of a rectangular PZT tick film sensor geometry with an area of 10 
x 10 mm? and a layer thickness of 40 um. The sensor geometry and its location between 
the tool-holder and the tool-holder receptacle is shown in Fig. 1. 


Preload of upper screws 


PZT thick film 


Fig. 1. Geometry of PZT thick film sensor integration concept and conditions of static model. 


The preferred location of the sensor was qualitatively determined under the criteria 
of smallest possible distance to the cutting insert in the force transmission path while 
concurrently maximizing protection against external particles and coolant. The loca- 
tion was also estimated as less susceptible to temperature effects compared to directly 
below the cutting insert, where the temperature increase is more significant. Further, the 
attachment of the sensor was simulated by fastening a preloading element. 
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The static simulation was performed in three steps, corresponding to the application 
of a 20 kN preload on the upper screws to secure the tool-holder, followed by the 
application of a 0.5 kN preload on each screw at the preloading element, and a last step 
corresponding to a vertical force at the tool tip of 3 KN. To complete the definition of 
the boundary conditions, the receptacle of the tool-holder was fixed in all degrees of 
freedom, and all contacts between components defined as frictional. 

The coupled structural-piezoelectric behavior of the sensor was modelled using ele- 
ments of the type PLANE226 in ANSYS. For the simulation, the material properties 
of the PZT thick film material IKTS-PZ 5100 used for the sensor have been applied 
[9]. The PZT thick film is defined as orthotropic, and the elastic stiffness matrix [c] and 
coupling piezoelectric matrix [e] are defined as follows: 


C11 C12 C13 C14 C15 C16 12.71 7.86 7.87 (0) 0 0 
C12 C22 C23 C24 C25 C26 7.86 12.71 7.87 (0) 0 0 
[c] = C13 C23 C33 C34 C35 C36 = 7.87 7.87 11.11 0 0 0 . 1010 Nm-2 

C14 C24 C34 C44 C45 C46 0 0 0 2.92 0 0 
C15 C25 C35 C45 C55 C56 0 0 0 0 2.92 0 
C16 C26 C36 C46 C56 C66 0 0 0 0 0 2.42 

€11 €12 €13 0 0 —1.7 

€21 €22 €23 0 0 —1.7 

€31 €32 €33 0 0 —16.0 =? 

le] ~ €41 €42 €43 ~ 0 11.3 0 Sa 
€51 €52 €53 11.3 0 0 
€61 €62 €63 0 0 0 


To complete the formulation, the dielectric permittivity constants (in F/m) £o = 
8.85- 107, e.) and es2 = 1320- 107", and es3 = 1475 - 107!* are included. All other 
components, including the substrate of the sensor, were modelled as steel with an elastic 
modulus of 200 GPa and a Possion’s ratio of 0.3. The charge output in pC of the model 
is presented in Fig. 2. The linear behavior suggests a favorable location of the sensor for 
measuring the cutting force in the 0-3 kN range. An additional criterion for the design 
consists in not exceeding the depolarization stress of the material of 50 MPa, and which 
was verified with a simulated maximum value of 26 MPa. Given these results, the sensor 
design was determined to be suitable for fabrication and testing. The estimated charge 
output is further used as guideline for selecting the range of the charge amplifier for the 
characterization of Sect. 3. 
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Charge-force characteristic of piezoceramic sensor 
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Fig. 2. Simulated charge output of piezo ceramic thick film sensor. 


3 Characterization 


Following the simulation, the PZT thick film sensor was fabricated by means of a screen- 
printing process applied on a substrate of a specially heat-treated steel alloy of the 
reference 1.4016. The sensor and the adapted geometry of the tool-holder are displayed 
in Fig. 3(left). The layer set-up comprised a successively printed sequence of dielectric 
insulation, bottom Au electrode, PZT thick film based on IKTS-PZ 5100 material, top Au 
electrode, and passivation layer. The layers were sintered at 850°C for 10 min with a total 
firing cycle time of 60 min. The PZT thick film was built up by repeated screen-printing 
in the green state to reach a sintered thickness of 40 um. A polymer-based passivation 
layer has been printed on top to protect sensor from environmental influences such as 
cooling lubricants and chips. It has been cured after printing at 150°C for 60 min. The 
following thicknesses were achieved in the sintered/cured state: (1) dielectric insulation: 
t~ 25 um, (2) Au bottom electrode: t ~ 10 um, (3) PZT thick film: t ~ 40 um, (4) Au 
top electrode: t ~ 10 um, (5) Passivation layer: t ~ 15 um. 


QuantumX MX410 (HMB) acquisition System 
and Laptop 


Preloading element PZT thick 
and electrical film sensor 


contacts 


Fig. 3. Integration of sensor in tool holder (left) and set up for data collection (right). 


3.1 Static Calibration 


The assembled prototype was calibrated using a “Zwick-und Roell” universal testing 
machine with an integrated load cell of the type “Xforce P” (precision class 1 according 
to ISO 7500). The load cell provided a measuring range of up to 20 kN, a resolution of 
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< 0.5%, and a repeatability < 1%. For the calibration, a compression load of up to 3 kN 
was applied at the tip of the tool-holder by means of an axial transmission rod directly 
connected to the load cell of the machine. For acquiring the output voltage signal of the 
sensor, a charge amplifier type 5011A from Kistler and a QuantumX MX410 acquisition 
system from HBM was used (Fig. 3, right). The test was performed using three different 
rates of application of the force. For each of these, five loading and unloading cycles 
were performed. The results are presented in Fig. 4. 


Static calibration 


itt 
a 


l 0.01 mm/s Load cell „Xforce P 
<—— 0.025 mm/s Zwick-und Roell 


0.5 mm/s 
—-— Simulation 


a 


0 500 1000 1500 2000 2500 3000 3500 
Reference force (N) 


Output of sensor (V) 
S 
N 


Fig. 4. Force at the tool tip and voltage output of sensor (left) and static calibration (right). 


The calibration revealed a significant frequency dependent hysteresis of the signal 
output, which is consistent with the known behavior of ferroelectric ceramics [8]. For 
a first implementation, only the loading portion was used for calibrating the sensor, 
assuming a constant slope. As a last remark it should be noted that the simplified static 
simulation model of Sect. 2 fits reasonably well within the measuring range of the output 
signals, with the conversion from pC to V being performed by using the conversion factor 
of the charge amplifier. 


3.2 Dynamic Characterization 


The vibrational response of the measuring system was further investigated by exciting 
it with an impact hammer to estimate its frequency response function FRF [10]. An 
idealized test set-up was built by attaching the tool system to a steel block, with a mass 
ratio of 10:1. The first eigenfrequency of the steel-block using this 10-factor criterion was 
estimated at 8 kHz, which was above the expected eigenfrequency of the tool-holder in 
the range of 2-3 kHz. To verify this, measurements were performed by using an impact 
hammer PCB 086C03 combined with an accelerometer Dytran 3273M2. By positioning 
the accelerometer at one corner of the steel block and below the cutting-insert, two 
groups of measurements were recorded by exciting both the steel block and the tool 
holder separately, as shown in Fig. 5(left). Using the outputs of the accelerometer and 
the impulse hammer, the FRF-parameter accelerance A (w) is defined as the quotient of 
the acceleration and force responses (Fig. 5, center) [10]. In the majority of the frequency 
range up to 7.5 kHz the blocks accelerance is ten times lower than that of the measuring 
system. Also, the isolated block lies above 7.5 kHz, while the first eigenfrequency of 
the measuring system is around 2.4 kHz. This value of 2.4 kHz is also obtained after 
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calculating the force transfer function between the output signal of the measuring system 
and that of the impulse hammer (Fig. 5, right). The result is consistent with the results 
presented in [2, 6], thus reflecting a potential an improvement of the effective bandwidth 
by roughly a factor two compared to plate-dynamometers. 
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Fig. 5. Impact hammer test set-up (left), comparison of accelerance of supporting block and 
tool-holder (center), and force transfer function of measuring system (right). 


4 Cutting Tests 


Outer diameter step turning operations were performed both with the developed sensor 
system and with a reference plate dynamometer 9129AA from Kistler. A 40CrMnMoS8- 
6 steel bar was machined (dry conditions) using a cutting depth of 1 mm, a feed of 
0.3 mm/rey, and a cutting speed of 150 m/min. The force signals were acquired using 
the same settings of the charge amplifier of the static calibration and a sampling rate of 
4.8 kHz. Details of the setup are shown in Fig. 6. 
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Fig. 6. Set-up of developed system in turning test under dry conditions. 


The result of the cutting test in the time domain is presented in Fig. 7(left). The cut- 
ting force signal of the reference dynamometer (blue line) remains constant as expected 
for constant cutting parameters. The red curve of the developed system shows in con- 
trast a constant positive drift, which is due to the thermal sensitivity of the sensor at the 
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measuring location. Two aspects contribute to this: (1) the slight change of the piezoelec- 
tric properties of the PZT sensor in dependance of the temperature, and (2) a thermally 
induced mechanical load on the sensor caused by the linear expansion of the components 
with increasing temperature. This last assertion is supported by the documentation of the 
reference dynamometer, which makes mention of previous models facing this thermal 
effect at a similar sensor location and preload method. Future tests must include a tem- 
perature measurement at the location of the sensor and performing tests with coolant. It 
should be thus determined if a temperature compensation is necessary even after using 
coolant. Despite the differences of the signals of the new and reference systems, the 
feasibility of using PZT thick film sensors for measuring quasistatic cutting forces and 
the potential for improvement was fist demonstrated. 
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Fig. 7. Cutting force signals in time domain (left) and comparison of spectral power densities 
(PSD) of signals (right), obtained from PZT thick film sensor and reference dynamometer (Color 
figure online). 


The performance of both systems in the frequency domain is compared in Fig. 7 
(right) by means of a power density spectrum. A first major peak on the signal of the 
PZT thick film sensor (red line) is observed at around 2 kHz, roughly corresponding to 
the 2.4 kHz resonance frequency of the ideally supported setup for the impact hammer 
test of Sect. 3. The first major peak on the case of the reference dynamometer occurs at 
around | kHz. The analysis on the frequency domain might suggest an effective usable 
bandwidth of the system based on the PZT thick film sensor twice as large as that of the 
reference dynamometer, with an additional impact hammer test with the dynamometer 
in order to confirm the result. The plausibility of this assertion is supported by similar 
literature results as presented in [2, 5, 6]. At last, an estimate of the signal-to-noise-ratio 
(SNR) was calculated by defining noise as the portion of the signal in idle state (no 
cutting, spindle off) and the sensor force signal in the frequency band above 10 Hz. 
The SNR-values calculated using the RMS of the signals obtained with the Kistler 
dynamometer and with the developed system were 28 and 22 dB respectively. 


5 Conclusion and Future Work 


This work presented a first attempt for integrating PZT thick film sensors for the pur- 
pose of measuring cutting forces in turning processes. A new concept of the sensor 
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was simulated prior to its fabrication, with the output of the simulation lying within 
the range of the static calibration of the system. Finally, the system was tested under 
cutting conditions and compared to a reference dynamometer. The main result of this 
work is the demonstration of the feasibility of the PZT thick film sensor for measuring 
quasistatic forces in turning processes. The potential benefits of the system compared to 
the reference dynamometer consist in an overall cost reduction (which is itself one of the 
biggest challenges for using near-process force measurements in monitoring of turning 
processes), a mass reduction by a 3:1 ratio, a potential increase of the bandwidth, and a 
higher flexibility for integrating the sensors in general tool holder geometries by specif- 
ically designing the sensor geometry. Additional aspects to be considered for further 
qualifying the PZT thick film sensors for process monitoring consist in: (1) extension 
of FE-analysis to include transient thermal effects in order to evaluate optimal sensor 
location, (2) evaluation of compensation of temperature drift by using coolant and/or 
compensation using temperature sensor, (3) analysis of the impact of coolant on the 
signal quality, (4) development of strategies for compensating the frequency dependent 
hysteresis, and (5) performing continuous measurements of entire tool life and evaluating 
sensitivity of signals to wear states compared to reference dynamometer. 
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Abstract. Rising costs for fossil fuels and the need to reduce emissions in the 
production of castings are subjecting foundries worldwide to increasing pres- 
sure to act and innovate. Due to fierce global competition in this sector and high 
investment costs for alternative technologies, foundries are therefore under high 
pressure to transform, while at the same time having limited financial resources. 
This article examines the economic and environmental differences between a con- 
ventional industrial foundry process chain, a process chain based on a hydrogen 
(H2)-fired melting furnace and an all-electric approach using conversion of H2 
to electricity within a solid oxide fuel cell. To ensure an unbiased comparison of 
the process chains introduced, the respective mass efficiencies are first determined 
using an absorbing Markov chain before calculating the mass-specific costs and 
emissions of each approach using a literature-based process model. The compar- 
ison of the setups shows negligible differences in terms of material loss and cost 
in the respective best case. However, significantly higher emission minimums are 
found for both H? approaches compared to the biogas-based conventional app- 
roach, especially for the use of green H2. In summary, no significant economic 
disadvantages of the H2-based approaches can be identified. Even considering that 
the economic comparison is biased in favor of biogas due to accounting measures, 
the environmental difference is comparatively small. The results indicate that the 
conversion of the foundry industry towards more sustainable H2-based foundry 
process chains is in principle reasonable as well as affordable and should therefore 
be achieved in the medium term. 


Keywords: High pressure die casting - absorbing Markov chain - energy 
demands - greenhouse gas emissions - hydrogen in foundries 


1 Introduction 


Like all energy-intensive industries, the light metal foundry industry, which relies on fos- 
sil energy production for 53% of its energy, is under increasing pressure to innovate due 
to the foundry’s cost-intensive energy use and fierce competition for a limited amount 
of CO; certificates [1]. The modification of existing plant technology is cost-intensive 
and thus represents a potential risk in the economic competition of metal production. 
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In conjunction with low achievable margins and the need to continuously maintain pro- 
duction operations as a result of supply commitments, a lack of innovation can thus 
arise [2, 3]. However, due to the rising costs of conventional process chains, the cost dif- 
ferential to more sustainable process chains based on renewable energy is increasingly 
narrowing. Therefore, a sound prediction of the expected costs for the more sustain- 
able process chains represents a crucial factor for the economic success of the foundry 
industry. As energy efficiency has been a focus of research in recent decades, a vari- 
ety of different methods for predicting energy consumption and process emissions for 
casting processes can be found in the literature. These range from approaches based on 
thermomechanical models [4, 5] and simulations [6, 7] to audit-based methods [8-13]. 
While simulations require a deeper understanding of the interactions and physical con- 
ditions in the process, audit methods demand a high organizational effort and sufficient 
industry participation. In the case of the established fossil fuel-based foundry process 
chain, a sufficient amount of data is available, showing that the range of energy required 
to produce aluminum castings worldwide is from 0.35 kWh/kgcast to 2.28 kWh/kgcast, 
depending on process technology and requirements, batch size and equipment. [9, 11, 
14-16] The average value of this span — 1,315 kWh/kgcast — results in emissions per 
ton of aluminum casting between 0.109 kgCO2/kgcast and 0.909 kgCO2/kgcast, depend- 
ing on the emission factor of the natural gas combusted. [17] Based on the available 
literature, no approach could be found to predict energy consumption and process emis- 
sions for hydrogen-based casting process chains, which makes it much more difficult 
for foundries to decide to invest in this technology due to planning uncertainty. In this 
work, therefore, the energy consumption and emissions per kg of aluminum casting are 
calculated for two hydrogen-based process chains, one which burns hydrogen (C-route) 
and the other uses Hp as an energy source for electric melting technologies (E-route). 
This information will help accelerate the foundry industry’s transition towards more 
climate-neutral casting production. 


2 Methods 


2.1 Definition of the Process Chain 


The casting process chains and thus system boundaries investigated in this work comprise 
the melting of the aluminum ingots in a melting furnace, the holding of the melt at a 
target temperature by means of a holding furnace, the actual casting process, and the 
trimming of the casting at the casting line immediately after casting production. The 
electrically operated die casting cell and the electrically operated holding furnace are 
identical in all scenarios examined. These three scenarios — conventional setup (setup 1), 
C-route (setup 2) and E-route (setup 3) — thus differ only in the energy source of the first 
process step for melting the aluminum ingots in a furnace. The transition possibilities p; 
from step to step are shown in the arrows between the corresponding steps (see Fig. 1) 
while the sum of the energetic demands of the respective setups are given under the 
corresponding title. 
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e Setup 1: Conventional setup (Total energy demand: 1.315 kWh/kgcast) 


In conventional plants, the melting furnace is fired with natural gas, using special 
burners with integrated recuperators that recover the heat in the exhaust gases and thus 
achieve a higher average efficiency of about 74% [18]. Based on published data in 
existing literature, the industrial energy demand (including losses) for melting 1 kg of 
aluminum is estimated at 0.94 kWh/kgcast, of which 90% is generated by natural gas 
[9, 15, 16]. Taking this distribution into account, the mean value for the fuel demand is 
0.846 kWh/kgcast, Whereas the mean value for the electrical energy needed results in 
0.094 kWh/kgcast. In addition, holding at elevated temperatures as well as processing in 
the die casting cell consume an average of 0.065 kWh/kgcast and 0.310 kWh/kgcast of 
electrical energy. [1, 8, 10]. 


e Setup 2: C-route (Total energy demand: 1.350 kWh/kg cast) 


The C-Route is based on burners that replace natural gas with hydrogen when firing 
the melting furnace, minimizing changes to the plant equipment. This results in an almost 
identical setup, which in turn means that both the burner efficiency and the proportion 
of electricity required for processing are very similar to those of the conventional setup. 
Due to the resulting moisture in the exhaust gases, a longer melt cleaning process should 
be considered for the melt prior to casting processing, resulting in a 1.5 times higher 
percentage of material waste and energy requirement during holding. 


e Setup 3: E-route (Total energy demand: 1.510 kWh/kg cast) 


The E-Route is an all-electric approach with an electric melting furnace powered 
either by electricity from a solid oxide fuel cell (SOFC) or from the electrical grid. To 
meet the foundries’ need for a continuous, potentially off-grid energy supply, the option 
of generating electricity from Hz is selected for this concept. This leads to a higher 
energy demand during melting due to the required conversion in the SOFC with an 
average efficiency of 60%. [19] However, due to the more efficient melting process, the 
final increase in energy demand is only about 1.23 times that of setup 1 [6]. 


2.2 Absorbing Markov Chain Model 


To describe the material flow within the different process chains, a model based on an 
absorbing Markov chain is used. This model consists of the three transient states Melting, 
Holding as well as Die-Casting/Trimming (represented by the indices 1-3) as well as the 
two absorbing states Waste (W) and Casting (C). In order to determine the final amount 
of aluminum that remains in the casting after trimming f Cast, a corresponding transition 
matrix was created for each setup. Every matrix contains the percentage of aluminum 
mass flow from one state to another represented by pyy, where x indicates the source and 
y the destination of the mass flow. f Cast is then calculated by multiplying p72, p23, and 


The Costs of More Sustainable Castings Can we Afford the Change? 


Melting Holding Casting incl. Trimming 
= ome 
$55 
Setup 1: h h I 
Conventional PAB > [paoss> | - yeas > 
setup enl À m a d 
0.846 kWh/kg,.,, t $ 0.094 KWhikge $ 0.065 KWhikgesu $0.310 KWH gc 
Natural Gas CH, A a r R al 
ig Electricity 
so: 
$$$ i ; 
Setup 2: , i | f ani 
C-route PeVO8 > poyo ESN 
W ' i T 


O86 KWikgen Ê 
Hydrogen H, 


Setup 3: 
E-route 


t 
SOFC 
1.041 KWh kg cuu 1 
Hydrogen il, 


$ 0.094 kWhkg cay 


v7 Electricity 


$ 0100 KWhrkg ea 


555 
[penon , 


10,065 kWh/kg cou 


ee 


+031 OkWhikg,.,, 


g g 
a mm 5 


Le Ba 


-m a 
f O10 KWh kg cau 


Fig. 1. Schematic overview of the investigated process setups 
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a) 


Depending on the previously presented setups, different energy carriers are required for 
the process, resulting in a variety of energy costs and emissions in the process chain. 
The following table 1 provides an overview over the ranges of energy costs Cg and 
the corresponding emissions Emg per kWh of the energy sources investigated in this 
paper. Despite the lower costs of directly using green electricity compared to green H2 
(see Table 1), the on-demand off-grid supply option makes the mixed scenarios more 
resilient, which is why these energy source combinations were selected for the study. 
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Table 1. Energy carrier and corresponding costs Cg and emissions Emg per kWh 


Energy Source Cost range in = ** | Emission range in Soze, 
Biogas 0.03 ... 0.11 20l*  |-19 ... 435 PN 

Blue Hydrogen 0.05 ... 0.0922] 143 ... 218/221 

Green Hydrogen (Mains electricity) 0.27 ... 1.8531] 694123] 

Green Hydrogen (Electricity from own | 0.04 ... 0.8313] 44123] 

renewable energy sources) 

Green Electricity 0.13124, 25] 146P% 


* Storage costs are not included in this overview | ** Based on Data from 2021 | *** average 
german industry costs from 2020 [25] with average extra costs for green-option from 20172% 


2.4 Definition of the Evaluation Criteria 


Since the energy demand of an industrial foundry process strongly depends on the mass 
of the castings produced, the mass-specific costs c; and emissions em; were chosen for 
an objective evaluation of the three investigated setups. To calculate the mass-specific 
criteria for each setup i, the energy quantities e for each step s provided by an energy 
carrier j are multiplied by the respective cost factor Cg, or in case of e; by the emission 
factor Emg, for one kWh and added over the total number of process steps k as well as 
energy carriers n before being divided by f cast. 


ToC 4 ej . Cz;) 


i= 2 

É I cast ( ) 

a= Daa ej Eme) (3) 
Scast 


3 Results and Discussion 


3.1 Mass-Specific Efficiencies of the Investigated Setups 


Due to the various transition probabilities for the described process chains, each setup 
has its own value for the mass-specific efficiency f Cast, as shown in Table 2. 


Table 2. Overview of mass-specific efficiency 


Setup 1 2 3 
feast 0.48 0.47 0.48 


As a result of the longer holding time due to the more intensive melt cleaning, f cast 
is lowest at 0.47 in setup 2. However, the difference to setup 1 and 3 with mass-specific 
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efficiencies of 0.48 each is subordinate. This strongly suggests that in terms of material 
losses there are no significant disadvantages of the more sustainable routes compared to 


the conventional industrial setup. 


3.2 Setup-Specific Emissions 


Based on the mathematical relationships from (3), the mass-specific emissions shown 
in Fig. 2 were calculated for the different setups, taking into account the data given 
in Table 1. Here, the conventional setup on the basis of a biogas combustion with 
0.109 kgco2/kgcast achieves the lowest minimum emissions of all three setups. The min- 
imum value for green H? is about twice as high at 0.236 kgco2/kgcast and is exceeded 
by the values for blue H2 with a minimum of 0.414 kgco2/kgcast. In particular, green H? 
and biogas thus show a considerable range, which complicates the comparison to some 
extent and suggests that biogas is partly more sustainable than the use of green H2 in 
foundries. However, the minimum emissions for biogas are only achieved when specific 
biogenic feedstocks are used as input materials and if the most favorable accounting 
measures such as waste heat and fertilizer credits are applicable. It must be assumed that 
these conditions are not met for the majority of industrial consumers, since the specific 
input materials are not provided in sufficient quantities for an entire industry and are 
usually only available locally and not sorted by type. On the other hand, considering 
the average emission value for biogas with 0.446 kgco2/kgcast instead of the minimum 
value, the potential of green H2-based plants is clearly shown by almost halving the 
emissions. It should also be emphasized that the comparatively high emissions of green 
H2 mainly result from the assumption that grid electricity is used for electrolysis. Thus, 
if electrolysis is carried out with electricity from renewable energy sources, which is 
becoming increasingly likely due to current technological possibilities and preferences 
of society, the use of green H3 in foundries is significantly more sustainable than keeping 
the conventional biogas-based plants. 
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3.3 Setup-Specific Costs 


The setup-specific cost per kg of casting was calculated using the costs from Table | and 
formula (2), with a significant difference in terms of the maximum cost for each setup 
(see Fig. 3). The lowest cost was calculated at 0.18 €/kgcas for setup 1. However, the 
financial differences from the minimum of setup 2 with 0.21 €/kgcast for green Hz and 
0.23 €/kgcast for blue Hz are relatively small, as well as the minimum of setup 3 with 
0.21 €/kgcast and 0.24 €/kgcast. While the maximum costs for biogas with 0.32 €/kgcast 
and blue hydrogen are identical for setup 3 and differ only slightly from setup 2 with 
0.30 €/kgcast when using blue H2 and for setup 3 with 0.32 €/kgcast, the use of green 
H causes significantly higher maximum costs of up to 4.14 €/kgcast. Considering these 
price ranges, especially the process chains based on green H2 represent an increased 
financial effort compared to an existing industrial setup with biogas. This diversity of 
financial efforts for green H2 is mainly based on electricity costs and electrolyser operat- 
ing hours, which makes efficient management of the electrolyser urgent for competitive 
green H-based process chains. Though especially in the case of green Hp, the maximum 
costs of the more sustainable plants exceed those of the industrial plants, it becomes clear 
that the financial differences between the minimum costs for each plant are negligible. 
Since the price ranges for biogas are based on data from 2021 and a decrease in elec- 
trolyser costs is expected, which is based on economies of scale and increased price 
pressure due to more suppliers in this technological segment, a price parity of biogas 
and green hydrogen can be expected in the near future. 
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Fig. 3. Range of resulting costs for different setups 
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4 Conclusion and Outlook 


The results presented in this work clearly underline that foundry process chains based 
on green Hy) are likely to become competitive with conventional process chains and are 
more sustainable than the industrial average in the non-ferrous foundry. 


e Using green H2 has the potential to nearly halving the mass-specific emissions to 
0.236 kgco2/kgcast compared to the average of biogas firing with 0.446 kgco2/kgcast- 

e Price parity can be achieved for both, green Hz combustion and electricity generation, 
if the electricity for electrolysing is sourced from renewable energy sources. 


The influences on alloy quality and in-process material losses need to be investigated 
in further studies using experimental test setups. Nevertheless, the results of this first 
evaluation indicate the distinct potential as well as the small financial differences between 
more sustainable H2-based process chains compared to a conventional setup. This of 
course only applies if, from a macroeconomic perspective, sufficient Hz capacity is 
made available. It is therefore to be expected that the success of a foundry in the future 
will depend not only on the technological quality of its products and efficiency of the 
foundry, but also on the skillful acquisition of energy. 
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Abstract. This paper presents a novel approach of a smart shortened material loop 
for producing second-life metallic components by saving a significant amount of 
energy and CO? emissions. The focus is on metallic components and manufactur- 
ing chains based on adapted forming technologies. Sourcing and using secondary 
semi-finished products instead of virgin metallic materials facilitates the omis- 
sion of process steps, such as iron smelting, steel making, continuous casting, hot 
and cold rolling, which involve the highest energy consumption and the highest 
CO, emissions. Besides the positive impacts on sustainability, there are still sci- 
entific and technological challenges. One challenge lies in matching providers of 
secondary semi-finished material to market needs; the other comprises engineer- 
ing the forming process chain while some material characteristics are not clearly 
specified or vary in a wide range. In contrast to the heavily restricted properties 
of virgin material, the characteristics of secondary semi-finished materials vary 
in a wider range and need to be elaborated. In the end, a new component will be 
produced, differing in design, function, and properties from conventional, single- 
life cycle products. Therefore, this paper introduces a novel, circular material loop 
for metals. The paper finishes with a short concept note on digital material and 
product passports to store and provide the required information on properties. 


Keywords: Material loop - Metal recycling - Secondary semi-finished products 


1 The reProd® Approach 


1.1 Metallic Cycle and the Idea of reProd® 


This paper describes the latest developments in production technologies within the scope 
of sustainable material loops. The focus lies on metal parts and components and on form- 
ing technologies. The Fraunhofer Institute for Machine Tools and Forming Technologies 
focuses on resource efficiency in industrial production environments. Material efficiency 
primarily means manufacturing as much as possible from raw materials. From an eco- 
logical point of view and inspired by nature, this paradigm should be shifted to holistic 
material effectiveness by choosing raw materials which are easy to reuse, remanufacture 
and recycle. There are several ways to use materials as intensively as possible. Figure | 
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shows four paths between “re-using the product as it is” and “material recycling focus- 
ing on metallic cycles”. On the left side of the pyramid, the level of maintained value 
increases from bottom to top, while on the right side, the level of recycling losses and 


efforts decrease. 
Full specifics a Dispositive effort 
% 
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Main functionality a Refurbishment, on Minor refurbishment 
ev Rework of components 2 
xo Gy 


Base structure 


Mayor refurbishment 


Material Full metal value chain 


Fig. 1. Pyramid presenting values, level of maintained value (left) and the level of recycling loss 
and amount of effort (right) 


Beside numerous other materials, metals are a type of permanent material with 
high recyclability [1]. However, metallurgical processes require an enormous amount 
of energy, causing the emission of greenhouse gases, in particular CO2. To stop or at 
least to lower the impact on climate change, it is necessary to reduce the CO2 footprint 
significantly, even though the market volumes for aluminium and steel are still growing. 
The WellMet2050 [1] program addressed four themes to overcome this dilemma: 


Theme 1: Reusing metal without melting 

Theme 2: Less metal, same service 

Theme 3: Using metal products more intensively and for a more extended period 
Theme 4: Managing heat and shortening supply chains 


1.2 The reProd® Approach 


The analysis of today’s economy shows a predominantly linear structure also known as 
cradle to grave. This recycling type is characterized by a high fraction of disposal, as 
shown in Fig. 2 (left). In contrast, the reProd® approach illustrates an obviously smaller 
fraction of disposal, see Fig. 2 (right). However, the main difference is a shortened loop 
from product to semi-finished product to new components and new products. In this 
context, new means another product with a different function. The new cycle is based 
on obtaining semi-finished products out of used products and processing them directly 
without the detour of scrap and the related recycling effort. 

The new cycle, called the reProd® cycle, represents an ideal resource autarkic pro- 
duction and material cycle based on secondary semi-finished products. Shortening the 
common metallic cycle offers a significant potential for improving sustainability while 
skipping the most energy-consuming and CO2-emitting processes. Figure 3 shows the 
smart shortened cycle. 
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Fig. 2. Material cycles: today’s cycle with small amount of cycling and large fraction on disposal 


(left) and the reProd®-cycle [4] closed on semi-finished product level (right) as the highest loop 
after reuse and a less destructive recycling compared to the common material recycling. 
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Fig. 3. The standard metal cycle and the smart shortened reProd® cycle by cutting off the most 
energy-consuming and CO -emitting process steps, such as melting and hot rolling. 


Figure 4 shows the estimated exergy flow map for a steel product by Allwood [2], 
representing the enormous losses. The reProd® route extends the figure to demonstrate 
the potential for reducing the environmental impact and the challenge for sustainability. 
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Fig. 4. Estimated exergy flow map for sheet steel products [2] extended by the reProd® cycle 
illustrates the significant reduction of losses. 


Table 1 lists representative figures for three analysed steel routes to underline this 
potential. Compared to the primary steel route, the reProd® approach offers an 84% 
reduction in energy consumption and an 82% reduction in CO2 emissions. Even com- 
pared to the primary steel route, there still is a 65% reduction in energy consumption 
and a 63% reduction in CO? emissions. 
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Table 1. Energy consumption, CO2 emissions and CO) reduction for three different steel routes 
(reduction compared to primary steel route) 


Cycle Based on Energy Energy CO emission | COzreduction 
consumption | reduction 

primary steel | iron ore and 22 GJ/t ref 1.7 t CO2e/t | ref 

route coal 

secondary iron ore, coal, | 10 GJ/t — 65% 0.8 t CO2e/t | — 62% 

steel route and steel scrap 

reProd® route | semi-finished | 3.5 GJ/t — 84% 0.3 tCOre/t | — 82% 
products 


1.3 The reProd®-cycle 


The reProd® cycle represents a cradle-to-cradle (C2C) cycle. Furthermore, the new 
approach is a paradigm shift from waste to resource management called” non-destructive 
recycling”. A comparison of the published circular economy cycles (shown in Fig. 5) with 
the proposed cycle reveals several differences. Besides reducing energy consumption and 
emissions, it allows the manufacturing of new products with changed functionalities 
maintaining the highest value-added level. 
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Fig. 5. Circular economy cycles based on the Ellen MacArthur Foundation extended by reProd® 
cycle [3] 


Sharing products, repairing them, and refurbishing them means using the same prod- 
ucts as long as possible, maybe with software updates. This approach is quite opposite to 
our current consumer society. The reProd® cycle offers a way to overcome this drawback 
and market barrier; therefore, it represents a new cycle different from the known ones 


[3]. 
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1.4 Feasibility Studies 


Regarding research and development in a circular economy, there are several options to 
open the loop of a further product cycle. It is substantial to start with an eco-design or 
a circular product design, as described by Hollander [4]. It takes a period of at least one 
cycle to realize one of these designs and obtain feedback. Another option consists of 
using what is already available in a scrap yard and starting the learning process there. 
Several demonstration examples are manufactured to prove the idea of resource autarkic 
cycles and to show its feasibility. Figure 6 presents the cycle for sheet metal parts. It starts 
with cutting blanks from car roofs at scrap yards. The roofs are trimmed, and some are 
cleaned by removing coating and adhesives. After preparation, a hydroforming process 
was chosen to form the desired shape of a seat- and back-panel of a design chair (Hydra). 
Even the coloured panels could be formed to the desired shape without colour loss, as 
shown in Fig. 6 [5]. 


Separation of semi- 
| I F 
nitial product finished product ‘orming process Secondary product 


Fig. 6. Process chain from scrap yard (top left) to obtain semi-finished products, trimming and 
preparation of car roofs (top centre), result of hydroforming operation and finished design chair 
(top right) and used drive shaft (bottom left) as secondary semi-finished part for bulk metal forming 
(bottom centre) to realize high-performance screws (bottom right) for application in wind turbines. 


In order to open up the enormous potential for sustainability, however, it is essential 
to provide or create the required information. For the engineering process, it is necessary 
to know the material condition of the secondary semi-finished products to design the 
production steps leading the way to the second life cycle. The process design is based 
on forming simulation, which requires detailed description of the material behaviour. 
The assessment of the currently unknown or at least uncertain material properties, such 
as strength and residual formability, are presented and discussed below. 


2 Engineering and Processing Secondary Semi-finished Products 
into New Parts 


Metalworking and the related process development is a well-established and highly 
mature branch with broad industrial applications. At the same time, a high level of 
specialization and a complex process chain exists in the development of the forming 
processes. In particular, this includes finite element (FE) based engineering. 

The impact on the changed material must be regarded flawlessly in the CAE workflow 
when aiming at economically applying secondary finished products as a replacement for 
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conventional virgin materials. Thus, changes have to be identified and values need to 
be quantified. Due to the diverse nature of secondary semi-finished products, existing 
uncertainties need at least to be estimated by confidence intervals. 


2.1 Geometric Properties 


The variety in geometric appearance of secondary semi-finished products is obvious. 
Using the example of a sheet metal component, the potentially complex 3D shape, the 
trim line geometry and locally distributed sheet metal thickness pose a strong contrast 
to virgin material, which comprises a homogeneous, flat and regularly edged sheet. 

According to the state of the art, the 3D shape can be recaptured, and local material 
thinning could be estimated based on, e.g., a one-step solver unfolding the blank. This 
process generates a complex dataset and comprises a remarkable effort for modelling 
the initial forming operation, which is detrimental to the economic competitiveness of 
the material. Thus, a generalized approach is required, representing the shape of the part 
sufficiently for establishing feasibility and works without localized characterization of 
the part geometry. By applying the Gauss curvature value, information on the size and 
orientation of the curvature can be expressed by scalar values. 


1 1 
K = kı x k = — * — 
ry n 
If the minor curvature is zero, pure bending can unfold the blank. If the Gauss value 
is below zero, the orientation of the radii is counter-wise; therefore, the part features a 
saddle shape. Large Gauss values result in severe strain levels, which must be applied 
to flatten the blank, before forming can take place. Aiming for the robustness of the 
remanufacturing operation, limit values for the single curvature and the Gauss value can 
be elaborated using an FE analysis of the actually desired shape. 


2.2 Mechanical Properties 


Mechanical properties are influenced by the previous forming operation, heat treatment 
operations and potential influences during the use phase. During the initial forming 
operation, strains are applied to the material, generating a work hardening effect. The 
initial strain is stored and transferred into the downstream forming operation, which 
provokes the flow curve to shift. This increase in forming resistance is also caused by 
bake hardening, which is quite common in automotive applications. 

Micro-alloyed steels are frequently applied in car body manufacturing. Therefore, a 
typical HX220YD from the roof of a station wagon (shown in Fig. 7) was characterized. 
During deep or even stretch drawing of outer body shells, an equal material thinning of 
approx. 2-3% is intended to trigger the work hardening effect mentioned above. The 
latter initiates a slight increase of the initial flow stress of approx. 15 MPa. Afterwards, 
the cathodic dip coating further increases this flow stress by approx. 35 MPa. If the 
plastic strain is raised, which also implies an increase in the share of work hardening, 
the bake hardening decreases; and vice versa. 

Therefore, an overall increase in flow stress of 50 MPa can be assumed. However, the 
elongation until fracture slightly decreases from an initial value of >34% to 20-25%.. 
Furthermore, a stochastic scatter has to be considered in the feasibility analysis. 
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Fig. 7. Investigated reProd® cycle realized within EU project CarE-Service. This project has 
received funding from the European Union’s Horizon 2020 Research and Innovation Programme 
under grant agreement No 776851. 
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2.3 Process Design Workflow 


Two different scenarios have been modelled based on the geometric and mechanical 
properties. Initially, an AutoForm® finite element analysis was performed regarding the 
entire process chain, including. 


— First forming operation to manufacture a station wagon roof, 

— Extraction of blanks from the secondary semi-finished product, 

— Second forming operation into a brake disk cover, including the flattening of the blank 
by the closing binder. 


Mayor st06 6, 


Fig. 8. Formability of virgin material and secondary semi-finished product 


This approach comprises straightforward engineering but requires the detailed 
knowledge and modelling of the previous forming operation. These efforts were replaced 
by reasonable assumptions to aim for an economically feasible solution. Accordingly, a 
modified “pre-aged” material model was established. This material model includes: an 
increased flow curve and a decreased forming limit curve (FLC). The FLC was generated 
from waisted Nakajima specimen, as shown in Fig. 8. 
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3 Outlook - the Potentials of a Digital Chain 


3.1 Digital Shadow as Missing Link Between the n""- and the Next Product Life 
Cycle 


Today’s transformation to Industry 5.0 [6] is based on digitalization of almost all real-life 
phenomena. The demand for consistent simulation chains seems to be overcome, but 
digital shadows and virtual twins are not yet prepared for second or even further product 
life cycles. Without a doubt, there are significant benefits for digital transformation and 
the sustainability of manufacturing. The second and following life cycles clearly benefit 
from product models, especially material models and data. This approach enables the re- 
use of products and components, overcoming the difficulties of unknown conditions of 
components and materials. Moreover, digitalization generates information that implies 
added value for the specific product. 

The challenge lies in fitting the required information into a small data format contain- 
ing the essential data for the following loops. At the same time, the exact requirements 
for the day after tomorrow are unknown. The design of sustainable products shall shift 
from material consumption to products as repeated periods of material utilization in an 
eternal recycling loop. 
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Abstract. In contrast to the linear production model, the circular econ- 
omy aims to close the loop of materials. One part of this approach is 
remanufacturing, which extends the lifetime of products. Various stake- 
holders in the supply chain are involved in remanufacturing. This makes 
the management and optimization of remanufacturing activities com- 
plex. The data required for optimization is often missing, which leads to 
uncertainties. A new European Commission initiative, the digital prod- 
uct passport (DPP), is believed to facilitate information exchange in the 
supply chain and cloud be a good solution to reduce uncertainties. The 
primary purpose of this paper is the quantification and evaluation of the 
advantages of the DPP. Based on real industrial data, a discrete event 
simulation model of a remanufacturing system with three production 
lines was developed. The authors suppose the hypothetical existence of 
a DPP and illustrate the benefits arising from its application. 


Keywords: digital product passport - simulation - evaluation - 
uncertainties 


1 Introduction 


Digitization is one of the enablers of the transition towards a more sustainable 
circular economy. It can help closing the loop of the linear production model by 
providing data on the whole product life cycle. One particular tool, the DPP is 
investigated in this paper, which facilitates more efficient processes in the supply 
chain. Among others, the DPP might be an efficient tool for reducing uncertain- 
ties in remanufacturing processes. The aim of this paper is the quantification of 
the benefits that can be gained with the help of the DPP and illustrate it with 
a real industrial use case from the machine construction industry. The paper 
is structured as follows. The next chapter gives an overview on the state-of- 
the art regarding remanufacturing uncertainties, the DPP and data exchange. 
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Chapter three discusses the theoretical possibilities for lowering uncertainties 
with the DPP resulting in an automatic efficiency increase during remanufac- 
turing. A simulation model of a real remanufacturing system with the quantified 
benefits is presented in chapter four. The last chapter concludes the paper and 
outlines the future research agenda. 


2 Literature Review 


2.1 Uncertainties in Remanufacturing 


Suzanne et al. [18] define remanufacturing as a recovery operation of used prod- 
ucts for rebuilding to a like-new condition. In most cases the remanufactured 
products are offered with very similar guarantee conditions as new products. 
The six steps of remanufacturing are entrance diagnosis, disassembly, cleaning, 
inspection, reconditioning and reassembly [17]. The main particularity of reman- 
ufacturing resides in product disassembly. Remanufacturing is much more chal- 
lenging than manufacturing in the classical linear production model. The main 
reason for this lies in complicating factors such as uncertainties that arise during 
remanufacturing. The uncertainties are well documented in the scientific litera- 
ture. Junior and Filho [12] summarize these factors with a focus on the period 
from 2000 to 2009: i) uncertain timing and quantity of returns; ii) balancing 
returns and demands; iii) disassembly of returned products; iv) uncertainty in 
materials recovered from returned products; v) requirement for a reverse logis- 
tics network; vi) material matching restrictions; vii) highly variable processing 
times during remanufacturing; viii) stochastic material routings. Ropi et al. [11] 
concentrate on the period between 2013 and 2021 and refine the grouping of 
uncertainties as follows: i) demand; ii) return yield; iii) inventory; iv) cost; v) 
quality and vi) environment. 

It must be noted that disassembly is not simply the inverse operation of 
assembly. Typically, the quality of the components of the returned products 
can be revealed only after disassembly and just then the classification regarding 
reusability becomes possible — such as reusable with or without reconditioning, 
or not reusable. 


2.2 The Digital Product Passport 


The digital product passport (DPP) has recently gained increased attention by 
policymakers at the European Commission, who are requiring the implementa- 
tion of DPPs - facilitating the digital transformation leading to a healthier and 
greener society [7]. The DPP “could provide information on a product’s origin, 
composition, repair and dismantling possibilities and end of life handling” [8]. 
However, the idea of gathering data on the whole product life cycle is not novel. 
Barco and Charnley [3] present a case study of a high pressure nozzle guide vane 
on data acquisition by sensors and discussed data requirement issues regarding a 
DPP. An immature concept of product life integration — containing design, manu- 
facturing, packaging, customer use and finally recycling or disposal — can be found 
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in a strategical document of Hewlett-Packard from 1995 [10]. In the context of 
building, the material passport is often used. The material passport is a qualitative 
and quantitative documentation of the material composition ofa building, showing 
the materials embedded in buildings as well as their recycling potential and envi- 
ronmental impact. This enables different actors in the building sector to continu- 
ously collect and evaluate data for building components [19]. A similar data gath- 
ering approach is the cradle-to-cradle passport, that contains information on raw 
materials, disassembly and recycling plan on cars. In addition, individual (large) 
companies already have their own internal passport approaches in certain areas. 
They are not uniform solutions for a whole car, but island solutions for particu- 
lar problems — such as Polestar‘s transparent cobalt supply chain realized with 
blockchain [6]. Herrgof et al. [14] evaluate distributed ledger technology for pro- 
duction planning and concluded that “blockchain enables a guaranteed level of 
security, transparency and immutability that no centralized data storage technol- 
ogy can provide at this time”. Kouhizadeh et al. [13] investigate the blockchain‘s 
potential in benefiting the circular economy and conclude that more industrial 
examination is needed in this context. Gligoric et al. [9] use Internet of Things 
concepts for building a DPP. 

The German Government picked up the discussions on the DPP at the Euro- 
pean level and developed a political concept on the DPP. The German Federal 
Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) 
defines the DPP as a data set that summarizes the components, materials and 
chemical substances or also information on repairability, spare parts or proper 
disposal for a product [1]. According to the BMU, the DPP should be applicable 
to all products and services — including foodstuff — and the Ministry proposes the 
Commission to focus on textiles, electronics, construction, packaging, batteries 
and electric vehicles. Totaro [2] extends this list with fashion, furniture as well 
as “high impact intermediate products” such as steel, cement and chemicals. 

The DPP is seen as a tool for 
enabling holistic and comprehensive 


data recording of environmental and ®© i 
social sustainability aspects. It gives G» A 
bili n ” uo» eO 
the possibility to”track and trace rx re 
i , - E . 
information on the whole supply chain. m 
Doing so, it might overcome one of 49 i Bb 
the biggest hurdles of the circular 4° ie ., A 
economy model, namely the lack of =- ——_| 
l : ; ko -> M 
information on the various stakehold- 2. R 
ers of the supply chain. The bene- x= E > 


fits of a transparent supply chain are 

manifold: i) producers and retailers: Fig.1. Schematic visualization of the 
competitive advantage; ii) users: more DPP content (own illustration according 
environmental-conscious product con- to Luscuere [16]) 

sumption, increased trust in case of 

buying used products; iii) remanufacturers: decreased uncertainties, access disas- 
sembly guides and components, cost and time efficient disassembly; iv) certifiers: 
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collect data more easily — to name just a few. Introduction of a DPP can have 
high significance also in regard to waste management, in two distinct phases: 
process control, respectively decommissioning (disposal or recycling). Expected 
benefits of a DPP supported waste management are: i) reduced time-in-storage 
of dangerous wastes; ii) decreased storing costs of parts; iii) reduced emissions; 
iv) production optimization to avoid waste and energy losses. 

The various stakeholders might gain the above mentioned benefits based on 
different information obtained from the DPP. However, the content of the DPP 
is generated by different actors of the supply chain. Figure 1 depicts the actors 
involved in the context of DPP. E.g., the manufacturer on the left side (including 
product designers and production engineers) can give information on the mate- 
rials and components of a product. The consumer on the right side can make his 
or her product choice not just based on the information created by the manufac- 
turer, but on the environmental information provided by different certification 
bodies. Another beneficiary on the right side, such as a remanufacturer, how- 
ever, needs more detailed information regarding disassembly and and previous 
life of the product. This means that the product information can be relevant 
to different groups with different levels of detail. Berger and her coauthors give 
a conceptual overview on battery passport containing three information levels 
[4]. This paper focuses on remanufacturers as a stakeholder group: their data 
requirements and the benefits they might gain are investigated. In the industrial 
use case, manufacturing and remanufacturing take place in the same company, 
on the same shopfloor, but on different production lines. With the existence of 
the DPP, the remanufacturer might have access to information that leads to 
increased efficiency. 


2.3 Transparent and Secure Infrastructure and Proper Governance 


Potential stakeholders are aware that information exchange in the supply chain 
may well be beneficial for society as a whole or for some stakeholders, but may 
also bring disadvantages for others [5]. The fact that laws may be violated (e.g., 
data protection, intellectual property, liability) or trade secrets may be com- 
promised leads to reluctance to exchange information. If stakeholders are not 
forced to exchange information, they will weight opportunities and risks care- 
fully. Other than the Supply Chain Act, which is likely to result in some form of 
DPP — but aimed at eliminating production processes and working conditions 
that violate human rights rather than enabling or supporting remanufactur- 
ing activities — there is no expected legislative pressure related to information 
exchange in the value chain. It is also not foreseeable for the time being that 
dominant suppliers or customers will force their business partners to exchange 
information that facilitates remanufacturing. Therefore, DPPs must be designed 
to convince a critical mass of relevant stakeholders. This means that DPPs must 
use a transparent and secure infrastructure, which ensures that stakeholders 
retain sovereignty over their data [1]. In addition, proper governance is required 
to ensure fairness and accountability. Gaia-X, an open data infrastructure based 
on European values that is currently being implemented, could be suitable as 
foundation for DPPs. 
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3 Possibilities for Uncertainty Reduction with the DPP 


One of the biggest problems is that remanufacturers do not have any information 
on the quality of product components before the disassembly is finished. Two 
identical components from two different products can have various conditions. It 
might result in different process flows with diverse material and component rout- 
ings with highly variant process times and lead times. In the DPP, the product 
users might share information on the usage, maintenance and repair activities 
on the product — in the optimal case, in an automated way. A higher level of 
information regarding the quality of the product and its components might lead 
to processes with lower variance, better predictable production schedules and 
in the end better logistical KPIs: lower work-in-progress and inventory levels, 
reduced average lead times, higher capacity utilization and higher adherence to 
schedules. 

The remanufacturers are also not familiar with the timing and quantity of 
returned products. The product mix requiring remanufacturing and competing 
for scarce resources is not known well before and it makes production planning 
even more challenging. Information content regarding timing and quantity of the 
returns in the DPP — in an aggregated way according to product or product vari- 
ants — might result in more effective and optimized remanufacturing production 
plans. 


4 Simulation Model of a Real Remanufacturing System 


In a remanufacturing plant for gas engines, the uncertainties presented in pre- 
vious chapters could be observed. The condition in which the cylinder heads 
arrive at the remanufacturing plant only becomes apparent after the gas engines 
have been disassembled and, in some cases, after the cylinder heads have been 
machined. Today, instead of a DPP, markings are mechanically placed on the 
cylinder heads with a center punch to indicate the number of life cycles before 
the heads become scrap. In the present manufacturing process, cast casings 
of reclaimed cylinder heads are disassembled, machined, and reassembled after 
reaching end-of-life status. This results in new remanufactured cylinder heads, 
which are essential assemblies to overhaul gas engines and can be used for a max- 
imum duration of three product life cycles in gas engines. The uncertain timing, 
the quality and reusability of the reconditioned components and assemblies pose 
special problems for the manufacturer. In order to keep supply and demand in 
balance, the manufacturer has to accept both increased stock-keeping, the provi- 
sion of increased production capacities available at short notice, and the regular 
use of cost-intensive new parts. This results in monetary losses and waste in 
production for the manufacturer as well as bottlenecks in material supply for 
gas engine assembly. 
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Fig. 2. Flowchart and simulation model for evaluating the effect of the DPP 


Discrete event-based simulation (DES) models are used to support decision 
making, evaluation of a system operation and for riskless comparison of dif- 
ferent scenarios in manufacturing systems [15]. To investigate the effect of the 
DPP, a DES model of a real remanufacturing line was created in Siemens Tecno- 
matix Plant Simulation, and it was also validated using KPIs from one month of 
production. With the built-in Experiment Manager tool, experiments were per- 
formed to investigate the difference between applying or not applying the DPP. 
The current situation corresponds to the case “Without DPP”. This means that 
the information on the previous life cycle is only revealed after disassembly and 
machining — if necessary. In the case “With DPP”, the information is already 
available before disassembly. This allows the removal of scrap at an earlier stage 
(marked as “not remanufacturable parts” in 2). As Table 1 shows, the compar- 
ison of two scenarios was made based on different system KPIs measured on 
running one month of production. For each scenario, 15 experiments were per- 
formed with the same parameter set but different random seed, and the average 
of the results are presented in the table. 

Surprisingly, the output of the remanufacturing system was reduced a little 
bit when applying the DPP, and the average lead time was increased. The reason 
for this is the following: as the scrap rate is lower, the proportion of good products 
(that are not exiting the system, thus generating lines and slowing the other 
products down) is higher, causing longer waiting times in the system. In contrast, 
the number (and ratio) of scrap products was reduced, meaning that in the 
modelled one month, the approx. 0.6% output decrease came with an approx. 
18 % scrap decrease. 


Table 1. Evaluation of the simulation highlighting the quantitative benefits of a DPP 


Output |Avg. lead | Dev. of Scrap Scrap prod. | New parts 
(pcs) time lead time rate (%) | (pes) (pcs) 


Without DPP 1744 6d 8h 3d 19h 25.31 441.33 159 
With DPP 1733 7d 12h 4d 10h 7.25 125.67 141 
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5 Summary and Future Work 


In this paper the remanufacturing uncertainties were presented and it was dis- 
cussed how the DPP can contribute to a more efficient remanufacturing process. 
With the help of a simulation model it was illustrated, that the digitization of 
some product life cycle related information might result in more efficient reman- 
ufacturing. The reduced scrap rate and lower number of new parts needed for 
the end product lead in the end to smaller carbon footprint. 

As a next step, lead times and output will be analysed and it will be inves- 
tigated whether they can be improved with sequencing. In the longer term, the 
involvement of various stakeholders will be considered. The presented use case 
might be extended with data on usage (working hours, maintenance, etc.), which 
could lead to an additional remanufacturing efficiency improvement. 
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Abstract. Digital Supply Chain Twins (DSCT) are gaining more and more atten- 
tion both in science and in practices. They are considered to be one of the most 
disruptive technologies in logistics and supply chain management. In the literature, 
there are a variety of DSCT benefits in the case of planning and control a logistics 
system. Some of these potentials could also be highly suitable for the use case 
of sustainable and resource-efficient logistics, which, however, have been insuffi- 
ciently explored in research so far. This paper will investigate to what extent the 
DSCT can be used to enable sustainable network planning and which potentials the 
DSCT implies for the predictive planning within logistics systems. Building on a 
literature review and interviews with industry experts a case study was conducted 
at a business partner in the automotive industry. 


Keywords: Digital supply chain twin - logistics - supply chain - sustainability - 
planning 


1 Introduction 


Logistics is an interdisciplinary, cross-sectional function that not only enables companies 
to meet market demand and ensure their long-term success, but also to master future 
challenges along increasingly complex logistics chains in the long term [1]. In this 
context, logistics plays a key role, particularly in meeting future climate targets. 

Within the context of globalization, there is an increasing spread of manufacturing 
sites, warehouses and corporate locations, which can on the one hand guarantee cost 
advantages with lower labor levels or geographical proximity to customers and the 
respective target market. However, recent crises have been an unprecedented stress test 
for many international logistics chains [2]. Latest crises have been an unprecedented 
stress test for many international logistics chains. Above all, the Covid-19 pandemic 
had a huge impact on future design and the management of logistic networks. Many 
global value chains have been disrupted by closed factories, ports or airports, leading 
to longer transport times and lack of resources [3, 4]. The war in the Ukraine and 
the resulting economic sanctions are another challenge for international value chains. 
Uncertainty about future energy supplies, the operations of companies in Ukraine and 
Russia, and shortages of agricultural products are just a few examples [5]. 
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The economic success of a company no longer depends only on the product and 
the associated processes, but also on the degree of service orientation of the com- 
pany. Customers will prioritize the company whose offer corresponds to their individual 
prioritization of the critical success factors of time, cost, quality and flexibility [2]. 

One of the greatest overall societal, economic and political challenge of recent times 
has not yet been named: The climate change. Logistics has a crucial function in meeting 
this challenge by planning and operating sustainable value chains [6]. 

Besides the ecological aspect, the concept of sustainability is complemented by the 
economic and social dimensions that need to be addressed in achieving a future-oriented 
balance in society and the environment. These dimensions considerably increase the 
complexity of globally grown supply chains [7]: 

For more than a century, the critical success factors of quality, cost, time and flexi- 
bility dominated global value chains. Through technological advances and digital trans- 
formation in companies across all sectors of the economy, logistics systems worldwide 
have grown so efficient that we are today in an unprecedented state of global prosper- 
ity. However, the planet’s natural boundaries and limited natural resources are putting a 
definite end to the constant growth and endless demand for resources. Consequently, the 
optimization of our systems must take place with equal consideration of sustainability. 
It is mandatory that the critical success factors be fully complemented by the aspect of 
ecological sustainability [7]. 

The growing complexity caused by disruptions and integration of sustainability as 
an equal success factor can only be implemented with the support of digitalization. On 
the path to digital transformation in companies, a wide variety of technologies are being 
discussed, some of them in a concerted manner [8]. The Digital Supply Chain Twin 
(DSCT) is considered a promising opportunity due to its simulation-based recommen- 
dations for action, forward-looking planning and control of global logistics systems. 
The topic of sustainability cannot only be implemented as a selective optimization of the 
network, but also requires a collaborative and cooperative approach between different 
stakeholders within the value network. The DSCT was included in Gartner’s Hype Cycle 
in 2017 and is considered one of the most disruptive technologies in logistics and supply 
chain management [9]. 

Scientists have criticized the predominant theoretical research in the field of the 
digital supply chain twin [10], which is why this paper has examined a case study of a 
real material flow in the automotive industry. Here, on the basis of historical data, it is 
conceptually worked out when the DSCT could have predicted a proactive demolition 
of the delivery capability on the basis of its characteristics (RO1) and which transport 
routes, which were non-transparent up to this point, can be shown by the created visibility 
of the network by the DSCT for sustainability assessment (RO2). 


2 Theoretical Background 


2.1 Conceptual Clarification of Digital Supply Chain Twins 


The primary idea of the concept goes back to NASA’s Apollo mission and was further 
developed by Professor Grieves in the early 2000s [11]. The focus was to predict the 
behavior of physical objects through simulations and to enable foresighted planning. 
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Initially, the concept was applied to the product life cycle application domain [12]. 
In the course of further technical development, the asset-centric approach could be 
further developed and transferred to entire value creation systems. The paper follows 
the following definition: “A digital logistics twin or digital supply chain twin (DSCT) 
is a digital dynamic simulation model of a real-world logistics system, which features 
a long-term, bidirectional and timely data-link to that system. The logistics system in 
question may take the form of a whole value network or a subsystem thereof.” [10]. 

The DSCT is therefore a dynamic simulation model, which has 3 unique character- 
istics that distinguish it from other technologies. The DSCT operates in the long term 
and can therefore learn from historical data. Additionally, there is a bidirectional data 
exchange between the real and the digital system. The DSCT’s recommendations for 
action are based on various simulations, which can be given timely. 


2.2 Scopes of Digital Twins and Digital Supply Chain Twins 


The DSCT has evolved from an asset-centric approach to a systemic scope. To describe 
the different scopes of the DSCT, the differentiation between DSCT and DT is as follows 
(Fig. 1): 


Fig. 1. Scopes of digital twins [13] 


The categorization differentiates in particular between Digital Twins and Digital 
Supply Chain Twins. The Digital Twin refers to the digital representation of assets. In 
this context, machines or robots can be mentioned, for instance. The Digital Supply 
Chain Twin is at least a dynamic simulation model of a physical location. This location 
can be a warehouse, a production site or an infrastructural hub. The most complex 
DSCT is a dynamic simulation model of an entire network. This includes a wide range 
of stakeholders. 


2.3 Planning 


This work focuses on the planning of a logistics system. The planning in the sense of this 
work has the primary goal to fulfill future performance requirements of the system at 
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any time. For this purpose, the internal processes have to be optimized and the resources 
should be used accordingly, in order to achieve this at any time. This optimization 
takes place through the selection, structuring and dimensioning of internal processes. 
In planning, a distinction is made between medium-term and long-term planning. The 
long-term planning usually includes the strategic planning, which covers a period of 
several months up to one year. Due to the lower information density of these periods, 
the information is uncertain. The accuracy of medium-term planning is correspondingly 
higher due to a higher information density [14]. 


3 Research Design 


The authors first conducted expert interviews in the automotive industry in order to 
visualize a real supply chain. Furthermore, an explorative case study is conducted with 
the aim of gaining pre-theoretical insights [15]. Here, an attempt is made to evaluate 
to what extent the transparency created by the construction of a DSCT helps to assess 
the system in terms of forward planning and to evaluate when the DSCT could have 
predicted bottlenecks based on historical data. Consequently, an exploratory-descriptive 
case study has been conducted. Based on Yin’s approach, the case study was planned, 
executed and evaluated from planning to interpretation [16]. 

First of all, according to Yin, the case study was sufficiently planned. The DSCT 
creates transparency across all flows of goods in the supply chain. Besides the customers 
and the corresponding sales markets within the network, various stakeholders such as 
suppliers can be included. The aim of this study is to examine the extent to which 
the DSCT can be used for the (predictive) planning of logistics systems. This leads 
to the following research question: What are the potentials of DSCT to predictive and 
sustainable planning of logistics systems? 

In the next step, the case study was designed. In order to validate to what extent, 
the DSCT would have enabled predictive planning, historical data from the year 2020 is 
used for the case study. The aim is to anticipate possible bottlenecks at an early stage. For 
this purpose, data sets from suppliers in Africa and South America as well as from the 
production site and customer orders were requested. Data was collected on inventories, 
customer orders, forecasted customer orders, supplier backlogs and customer backo- 
rders. The aim is to prevent customer backlogs and the associated inability to deliver. 
As part of this, the data collection could be started. In addition to an extensive litera- 
ture review and expert interviews to visualize the supply chain of the specific case, the 
datasets outlined above could be pulled from the MySQL database. Each data set was 
summed up per calendar week to show the interactions. Starting with week 1/2020 until 
week 52/2020. In order to analyze the case study, the data sets were visualized and their 
interactions in a demonstrative way, these data sets were transferred to a Gantt chart. 
Bottlenecks could be visualized with different color codes. In this case, the stocks were 
brought into relation with the reserve stocks and if those were below the safety stock, 
they were colored red. Additionally, the actual orders from customers were compared 
with the forecasts to visualize volatile order behavior. In the next step, the network of 
suppliers, production and customers was visualized on a global map. The goal of this 
was to make the transport routes completely transparent. 
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4 Discussion of Results 


The last steps of the case study according to Yin are the analysis and interpretation of the 
results. However, caution should always be exercised when generalizing specific results 
[16]. 

As a first benefit, the production paths of the product were visualized and transpar- 
ently presented in consultation with industry experts. A major benefit of the DSCT is that 
an entire value network from suppliers to customers is visualized and complete trans- 
parency is created. This transparency did not previously exist within the practice partner 
and was developed during the case study at the outset. In this example, the creation 
of the map was done manually, but should illustrate the benefit of a DSCT which can 
visualize this map automatically. Thus, irrelevant transport routes could be visualized 
rather rapidly, which would be restructured in terms of environmental sustainability. A 
full DSCT with all its characteristics is able to identify the optimal locations in terms of 
environmental sustainability. 

Here, there are not only the movement flows with the facility locations illustrated, 
but also other data sets about customer demand or inventory policy. The model can thus 
show vulnerabilities due to long transport routes, for example, at first view. Since the 
DSCT is continuously supplied with data, disruptions can be identified in this model as 
soon as they occur. Companies and users are thus able to recognize disruptions at a very 
early stage and to react to them as efficiently as possible [17—20]. 

The following product consists of three different components. Two of these com- 
ponents are coming from the African continent, the other one is delivered from South 
America to Europe. The assembly of the product is a very simple form of manufacturing 
and requires no special know-how. The customers of the product are mainly in South and 
Central America. A critical evaluation must be made of the extent to which the network 
planning can be considered optimal purely for sustainability reasons. A relocation can 
be done by the simulation capability of the DSCT. 

It can be assumed that production site will be relocated by the DSCT to the customer 
and main sales market. Thus, this could reduce thousands of tons of CO2 consumed for 
transport. The network should be critically examined to see whether production could 
not take place in South America, and the deliveries from South Africa go directly to 
South America. The company already operates very successful production facilities in 
South America and the complexity of assembling the final product is not considered 
complex (Fig. 2). 

Allin all, this example showed how much value the creation of transparency througha 
DSCT can create and demonstrates the ecological implementation potential of this tech- 
nology. Especially for the evaluation of ecological sustainability, the visualization of 
value chains can quickly make unnecessary transport routes visible. Through simulation- 
based optimization, the DSCT could simultaneously provide recommendations for 
further action. (RO2). 

The following elaboration is intended to demonstrate the extent to which the DSCT 
would have enabled predictive planning through its high level of data density. (RO1) 
During the Corona crisis, bottlenecks occurred several times so that large customer 
backlogs accumulated because customers could not be supplied. With the help of a Gantt 
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PRODUCTION 


® Sourcing 
© Customer 


® Manufacturing 


Fig. 2. Transparency (Compiled by author) 


chart, it will be shown how a DSCT could have acted as a forward-looking planning tool 
at an early stage (Fig. 3). 


Insufficient stocks of finished parts Volatile ordering behavior due to 
1. lockdown (EU) 


Typ Location KPI 


Finished product Central Production (EU) 


Finished product Africa 
Finished product Central Production (EU) 
Finished product Central Production (EU) 


Components I Central Production (EU) 

Components II Central Production (EU) 

Components III Central Production (EU) 

Components I Central Production (EU) Sup backlog SA 

Components II Central Production (EU) Sup backlog Africa 

Components III Central Production (EU) Sup backlog SA 

Components I Central Production (EU) Customer Orders/ Forecast 

Components I Central Production (EU) Customer Orders/ Forecast 

Components III Central Production (EU) Customer Orders/ Forecast 

BB Boitiencck I criticat Uncritical 1. Lockdown: Europe 1, Lockdown: South America 1. Lockdown: Afric 


Supply shortages from African Delivery capability no longer guaranteed. 
suppliers Customer backlogs arise 


Fig. 3. Gantt chart source: compiled by authors 


In the following, a wide variety of data sets were visualized in the form of a Gantt chart 
to explain the delivery problems starting in calendar week 27 and delivery breakdowns 
starting in calendar week 34. The goal is to proactively react to such failures through the 
transparency created by the DSCT. In the following example, three key indicators were 
shown to what extent the failures could have been detected at an early stage. 


1) Insufficient stocks of finished parts: The European producer already had insuffi- 
cient parts in stock at the beginning of the year. In this case, the minimum stock 
level was used as an indicator. Until calendar week 22 there were not sufficient parts 
in stock. 

2) Supply shortages from African suppliers: Already in the fourth calendar week 
there were difficulties and pending shortages on 1/3 components, which are necessary 
for the final product. Such an early allocation of shortages could have been avoided 
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by an efficient back-up arrangement. From week 8, the supplier from Africa could 
not deliver the part at all. 

3) Volatile ordering behavior due to 1st lockdown: Due to the corona pandemic 
already occurring in China at the beginning of the year and the rapid spread in the 
European region, the 1st lockdown was announced in Europe in calendar week 12. 
It could be observed that already in the weeks before the lockdown the number of 
orders increased by about 18-37%. From calendar week 13 (1 week after the Ist 
lockdown in Europe) the number of orders increased sharply by 40-66%. Based on 
other previous global crises, it could have been anticipated that a volatile, rapidly 
increasing demand for parts has occurred regularly in the past. 


As the transport takes at least 8-10 weeks from Europe to the customer in Central 
and South America, it was impossible to have enough parts in stock again from calendar 
week 23. Due to the long transport distances, the network is not flexible and agile enough 
to react quickly to the requirements and fulfill the customer order. All in all, a shortage, 
meaning that the customer order can no longer be fulfilled, was already announced in 
the 1st quarter of the year, which subsequently began in the 3rd quarter. 

The example demonstrates to what extent the DSCT could have predicted a bottle- 
neck occurring in the third quarter. Through data availability, access to different data 
sources and continuous simulations of various scenarios, the DSCT would have made the 
insufficient stock of the finished part visible already at the beginning of the year (trans- 
parency creation) and simulated possible scenarios to solve the problem (optimization). 
For instance, by the failure of a necessary component from the 8th calendar week, a 
DSCT would have found back up suppliers for that part. Finally, the volatile ordering 
behavior of customers during international crises could have been anticipated, as this 
phenomenon has been observed in the past in various crises. (ROL). 


5 Conclusion and Final Remarks 


The paper provides an overview of how DSCT can be used for predictive planning to 
optimizing the ecological sustainability of logistics networks. First of all, the trans- 
parency created across the entire value network from suppliers to customers can be used 
to identify planning errors. In this case, the example can be used to show the extent to 
which unnecessary transport routes can be identified in this very simple model. Assum- 
ing that the network is continuously updated with data from the system (such as data 
about the ordering behavior of customers, the inventories of suppliers and manufacturing 
companies, or the demand of customers), conclusions can be drawn about the system at 
a very early stage. 

The DSCT creates a very accurate representation of the current state of the network 
and simulates possible scenarios through this high data concentration and information 
from different stakeholders at the network level. Thereby, the network can be optimized 
and evaluated on the parameter of sustainability. The DSCT offers a space for experi- 
ments in which, for example, the network planning can be adapted, transportation modes 
changed or production techniques modified in order to evaluate the effectiveness of the 
change in terms of sustainability. 
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Clear limitations of the work are that no DSCT has been implemented so far. How- 


ever, it should be understood as a proof-of-concept that DSCT is very suitable for pre- 
dictive planning and sustainability assessments in production and logistics systems. 
Additionally, other application fields and possible potentials of DSCTs should be sci- 
entifically tested and evaluated. Furthermore, there is a need for research on the tech- 
nological, process and organizational requirements to implement a DSCT on network 
level. 
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Abstract. Although production planning in remanufacturing systems 
has attracted great interest from the research community, only a cou- 
ple of real industrial applications can be perceived. Additionally, in real 
cases, companies are faced with manufacturing multiple products, which 
further complicates remanufacturing production planning (RPP). There- 
fore, there is a need to optimise RPP where manufacturers are involved 
in remanufacturing multiple products. Also optimized systems should 
consist of a number of uncertainties, such as the uncertain quality of the 
returned products. 

Because of these uncertainties the manufacturers have to use new 
parts or components - with both higher environmental impacts, as well 
as costs. In the present paper a line balancing scheduler of a remanufac- 
turing system is presented - focusing on the disassembly, machining and 
reassembly of parts. The objective of the paper is the reduction of usage 
of the energy and cost intensive new parts with production scheduling 
using a genetic algorithm (GA). The achievements are illustrated and 
presented with a real industrial use case from a gas engine producer. A 
discrete event simulation (DES) is used for evaluation purposes and the 
results from the scheduler are compared with benchmarks of the current 
production planning of the gas engine manufacturer. 


Keywords: remanufacturing - genetic algorithm - production 
planning - simulation - uncertainties 


1 Introduction 


Humanity currently requires the equivalent of 1.7 planets to compensate for 
resource consumption by human activities [17]. Furthermore the manufacturing 
industry is one of the main consumers of material and energy resources, in addi- 
tion to generating significant amounts of waste. Due to the scarcity of resources, 
the concept of circular economy based on remanufacturing has become an impor- 
tant approach for resource-efficient sustainable development, representing one of 
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the most significant aspects of waste management [15]. Remanufacturing is most 
commonly referred to as a recovery process for used products that involves the 
collection, repair, disassembly, and replacement of worn-out components to bring 
the products back to the quality level of newly manufactured products [14]. In 
remanufacturing, there are particular challenges for production planning systems 
(PPS) that do not exist in traditional manufacturing [1]. These characteristics, 
unique to remanufacturing, require a change in the fundamental concept of tra- 
ditional PPS [4]. 


1.1 Motivation of This Research 


To highlight the research gaps within RPS systems for this paper, the identified 
research needs from two literature reviews are used. For example, in an analysis 
of 160 scientific journal publications, Suzanne et al. [14] state that although 
from an academic perspective RPS have attracted a lot of interest, but only 
weak links with industrial applications can be perceived. In addition, Ansari 
and Daxini [2], in an analysis of 123 scientific journal publications, point out 
that in real cases, companies are faced with manufacturing multiple products, 
further complicating remanufacturing production planning. Therefore, they call 
for future research to optimize RPS in a way, that manufacturers are involved 
in remanufacturing multiple products and the system consists of a number of 
uncertainties, such as uncertain quality, time, return, and demand [2]. In addition 
to the research needs from academia, those challenges presented in [1] can be 
observed in a remanufacturing plant for gas engines. The uncertain timing as 
well as the quality and reusability of the recirculated components and assemblies 
pose the problem to the manufacturer that the regular use of energy- and cost- 
intensive new parts has to be accepted. From the above findings, the central 
research question for this paper results in how the use of a genetic algorithm 
can minimize the use of energy and cost intensive new parts through production 
schedule sequence optimization. The main objective of this work is to develop 
an approach to optimize RPS, taking into account the uncertain quality of the 
returned products as well as the diversity of variants. Subordinately, this work 
attempts to remedy the above-mentioned research gaps of Suzanne et al. [14] 
and Ansari and Daxini [2] by developing a procedure with stronger connections 
to industrial applications and by incorporating uncertainties from reality into 
the optimization. 

The paper is structured as follows. First, a literature review is presented 
regarding RPS and the addressed research gaps are discussed. The following 
chapter deals with the method description and the research question. Than the 
simulation model is introduced that is used to evaluate the genetic algorithm, 
which was designed to optimize the production plan sequence of the company 
partner. 
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2 Literature Review 


2.1 State of the Art 


Research activities in the field of PPS for remanufacturing often focus on disas- 
sembly planning and scheduling. Jeunet and her coauthors present an approach 
for solving practical sequencing problems [8]. Lage Junior and Godinho Filho [9] 
propose a stochastic dynamic programming model considering stochastic rout- 
ings. They apply their model to a real case of automotive clutch remanufacturing. 
Mao et al. [11] combine genetic algorithm with Petri net modeling and stochas- 
tic programming for used car parts under uncertain conditions. Wang presents 
a parallel partial disassembly line balancing model with stochastic disassembly 
time [16]. In the paper of Rent et al. the desassembly planning is extended with 
end-of-lyfe consideration aiming at the maximization of the recovered value [13]. 

Hybrid systems that use both raw materials and returned products in the pro- 
duction process are often addressed in the literature as well. Fang [5] optimizes 
the operation strategy (determining the amount of new and remanufactured 
products) considering the related costs, uncertainty about recycling, demand 
substitution, capacity limitations and component durability. Han and his coau- 
thors [7] focus on uncertainties of quality, process times, remanufacturing costs 
as well as market demands and using robust optimization. Polotski et al. [12] con- 
centrate on manufacturing and remanufacturing costs, holding costs, backlog and 
set-up costs. Benkherouf et al. investigate an inventory system with production, 
remanufacturing and refurbishing activities using mathematical programming 
[3]. 


3 Methods 


The procedure in this research was divided into five steps, which includes prob- 
lem identification, goal definition, development, demonstration, evaluation, and 
publication. The focus is on the development and demonstration, in which the 
GA is adapted for the use case and coupled with the simulation. The exact 
implementations of the research steps can be seen in Table 1. 


4 Simulation Model of a Real Remanufacturing 
Application 


In an remanufacturing shop, cast housings of returned cylinder heads are basi- 
cally disassembled, machined, and reassembled after reaching end-of-life status. 
The remanufactured cylinder heads, which are an essential part for gas engines, 
can be used for a maximum of three product life cycles. The two-shift cylinder 
head production system specialized in refurbishment with several disassembly, 
machining, storage and assembly stages is designed as a simulation in a multi- 
line discrete event simulation (DES) model after [6], which is run through by a 
work piece agent population, shown in Fig. 1 
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Table 1. Conceptual Framework for this research after Pfeffers et al. (2007) 


Steps from Pfeffer et al. (2007) | Implementation 


i) problem identification and RPS have only weak links with industrial 
motivation 


Applications and to optimize RPS such that 
manufacturers are involved in remanufacturing 
multiple products and the system consists of a 


number of uncertainties, such as uncertain quality 


ii) defining goals for a solution | Usage reduction of energy and cost intensive 


New parts of an industrial remanufacturer 


iii) designing and developing Constrain a GA for the given industrial use case 


iv) demonstrating Implementing and validating GA in Python 


with Anylogic simulation 


v) evaluating and publishing Evaluate GA with simulation and publish findings 


Disassembly Machining Washing Buffer Assembly 
Line C | i -- a 
| 
i 
| | 
m a mum T 
| | | 
| | > > > 
MM Queue | | | 
E Machine Line A | i "i 
E Batching not remanufacturable parts (scrap) inew parts 


Fig. 1. Flowchart and simulation model 


In order to follow the call of Ansari and Daxini [2] and to optimize RPS in 
such a way that different product variance and a system with different uncer- 
tainties are taken into account, the population within the agent is defined with 
different influencing factors, such as series, product variants, production times. 
The DES that the agents run through acts with the uncertainties of the reject 
rate, which varies randomly per series and station, as it was measured in real- 
ity. The exact used agent parameters and system parameters can be found in 
Table 2. 

The evaluation of the simulation is carried out by means of a monthly pro- 
duction plan of the company partner. The total number of assembled cylinder 
heads at the end of the month are known, as well as the number of units of which 
variants were assembled and the sequence in which the lines are planned. The 
sequence is done in always alternating push into the lines (as an example: Aj, 
Bı, C1, A2, B2 ‚C2, Ag,...). The simulation needed 22h (4,44% deviation) more, 
then the real remanufacturer (496 h), whereby a start-up time of the simulation 
must be taken into account, i.e. the filling up of the lines. This small difference 
validates the DES model. 
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Table 2. Agent and system parameters of the simulation 
Cylinder head variant | Ai Ag A3 Bı By B3 Cı C2 C3 C4 Cs 
Quantity NAL |NA2 |NAB | NBL |NB2 |NB3 |Nncı |No2 |nc3 |Nca | NC5 
Machining time tmaA1 |tma2 |tma3 |tmBi |tmB2 |tmB3 |tmor |tmo2 |tmo3 |tmca | tmos 
Assembly time taai |taa2 |taa3 |tapi |taB2 |taps |tacı |tace |tac3 |taca | tacs 
Scrap rate srda |srda |srda |srdg |srdg |srdg |srdc |srdc | srdc |srdc | srdce 
After disassembly 
Scrap rate srma | SrMA | Srm | SrMB | srmp | srmB | srmo | srmo | srme | srmo | srme 
after machining 
SON 
i 
P1 | A, | A, | Ar | A; | Ar | Ba | Ci | Ar | Ba | Ci | Ai | Ba | Ca | Ar | Ba | Ci | Ai 
l l single crossover 
x™& laa ATN 
O1 | Bi | Ci | A, | Bi | Ci | A; | Bi | Ci | Ar | Ba | Ci | Ar | Aa | A; | Ai | A; | A 
l mutation 
02 | B, | A; | C, | B4 | Ci | Bi | A, | Ci | By | A; | Cr | A; | A; | Ai | A; | A; | Ad 
Fig. 2. How the GA changes from population to population 


5 Optimization 


The GA is designed in [6] following [10] and adapted to this use case. Here one 
population is used, which presents one monthly production plan and has single 
crossover and mutation (with a mutation rate of 10% as possibilities to change 
from population to population each iteration like it is described in [10] and shown 
in Fig. 2. While single crossover causes a heavy change in the sequence, which 
can lead to overlooking present minima, it is only used every tenth iteration, if 
no new minima was found. 


Start 
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Fig. 3. Communication between simulation and GA 
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For evaluation of the GA, Python is connected to the simulation software 
Anylogic through the add-on library Pypline, where Anylogic acts as a main- 
frame and calls and runs function codes from Python. To run the optimiza- 
tion exactly, Python starts by initializing a random population representing a 
monthly schedule, as provided by the company partner, in random production 
order. The initialized population is run through the simulation in Anylogic to 
obtain the first fitness value, which represents the number of new parts needed. 
After single crossover and a mutation of the offspring population is triggered by 
Python, a new run of the new population through the simulation is performed, 
in order to get a new fitness value. With population selection the fitness values 
are compared and lowest one is used as new population for the next iteration, 
till a given number of maximum iteration is reached, as it is shown in Fig. 3. 


6 Results and Limitations 


As visible in Table 3, the sequence optimization of the production plan by the 
GA resultes in a decrease of 44.41% of required new parts compared to the real 


Table 3. Results of the GA highlighting the quantitative benefits in comparison 


Anew Bnew yew Aola Boia Cola SUMmonth SUMnew 
(pes) | (pes) | (pes) | (pes) | (pcs) | (pes) | (pes) (pes) 
Real use case | 200 |240 (150 | 480 | 220 |620 | 1910 590 
Simulation 200 |240 (150 | 480 | 220 | 620 | 1910 590 
GA 136 |136 |56 622 |326 |620 |1916 328 
700 F - 
T 
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© 600 
N 
D 
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S 500+ - 
n 
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Z 400 q 
300 | | l 
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Iteration 


Fig. 4. Fitness value course of the GA per iteration 
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use case and the simulation. However, a slower cycle time is expected since the 
GA was compared with the 4.44% slower simulation. An upper limit of available 
cast housings for machining, as is the case in reality, was not introduced for this 
simulation in order to be able to determine the maximum production capacity 
of the lines. 

In Fig. 4 the fitness value improvement of a total of 38 iterations of the GA 
is shown. It is to be expected that by further GA fine tuning and increasing the 
number of iterations (this was limited by the Personel Learning Edition (PLE) 
restriction of Anylogic) further minima can be found, which undercut the value 
of this research. 


7 Conclusion 


To address the research gaps within RPS, which show weak links to industrial 
applications and a lack of optimization with multiple products and multiple 
uncertainties, a GA optimization with coupled DES is presented and applied to 
an industrial use case. This approach considers a number of parameters related 
to the product variance (such as different duration in disassembly, machining 
and assembly) and uncertainties (such as different scrape rates for each vari- 
ant) of the RPS. An overall improvement of the cost- and energy-intensive new 
parts requirement of 44.41% can be achieved. As a next step the environmental 
impacts of the new and old parts and their optimization will be investigated. On 
longer term other optimization methods like ant colony optimization, simulated 
annealing and grey wolf optimization will be tested as well. 
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Abstract. The shift to a circular economy and the use of wind energy are key 
components in achieving the climate goals that some governments like Germany 
have set for themselves. Nevertheless, the wind energy industry is still predom- 
inantly organized as a linear system. Therefore, this paper outlines the existing 
research on the wind energy supply chain and embeds it in the context of a cir- 
cular economy. The results show that some aspects of the circular economy have 
recently gained attention. For instance, the recycling of wind turbine blades is 
often discussed in literature. However, circular thinking is still underrepresented 
in supply chain management research. For example, studies on return, recover and 
deliver processes are rare. By presenting a structured overview of the current state 
of research, an agenda for future investigations can be derived. Hence, this pub- 
lication makes a clear contribution towards becoming more circular in the wind 
energy supply chain. 


Keywords: Circular Supply Chain Management - Sustainability - Circular 
Economy - Wind Energy - Literature Review - Supply Chain Management 


1 Introduction 


Circular Economy (CE) is a system changing concept that could contribute to a more 
sustainable and resilient supply chain management (SCM) [1-3]. With an increasing fre- 
quency of disruptions with growing amplitudes a sustainable and resilient SCM becomes 
even more relevant [4]. A standard definition of CE does not yet exist, this paper follows 
the definition by Kirchherr et al. [5]. They define CE as a multi-level system chang- 
ing concept that is based on business models with value obtaining strategies following 
a cascade — Reduce, Reuse, Recycle and Recover — and contributing to a sustainable 
development [5]. Embedding the circular thinking into SCM is stated as Circular Supply 
Chain Management (CSCM) [6]. 

Due to the expected benefits, CE is recently gaining attention in SCM practice (e.g. 
furniture industry, automotive industry, construction) and research [3, 6-8]. Neverthe- 
less, investigations in regards to the wind energy SCM are still rare. Despite, research 
in this field is of importance as the industry mostly operates in a linear system. Ambi- 
tious climate laws by governments trigger an expansion of the industry that will also 
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lead to increased waste volumes if not reflecting circular thinking [9]. The size of wind 
turbines and their components, as well as the decentralized geographical distribution of 
wind turbines, underscore the role of SCM in promoting a CE [10]. Hence, this paper 
investigates how the current literature on SCM in the wind energy industry is structured 
and if a link to CE exists. 


2 Current State of Research 
As highlighted in Sect. 1, applying CSCM in the wind energy industry has several 


potential benefits. Nevertheless, research on this topic is rare. This section with Table | 
provides an overview of relevant research and outlines the contribution of this review. 


Table 1. Differentiation from existing research 


Source | SCM _ | Onshore wind | Offshore wind |CE |SLR 
[11] x x 

[12] X x x 

[13] (x) x x X 
[14] (x) (x) (x) 

[15] (x) (x) (x) (x) | (x) 
[16] (x) (x) (x) 

[17] (x) (x) (x) (x) 

[18] (x) (x) (x) X 

[19] x x x 


Jensen et al. [11] point out the need to embed CE in clean energy infrastructure 
by looking at offshore wind energy (offshore wind) in the United Kingdom (UK). They 
provide insights about strategies for the end-of-life (EoL) for rare earth elements, copper 
and composites. In another publication [12], Jensen et al. concentrate on remanufacturing 
of three case studies as of one is from the wind energy industry. Different economic, 
ecological and social factors through remanufacturing from the perspective of a wind 
turbine manufacturer are presented. Velenturf [13] develops a framework for integrating 
a sustainable CE in offshore wind. 18 CE strategies (e.g. dematerialise, repair, reuse) are 
stated for materials, components and infrastructure for offshore wind. She proposes to 
apply this framework to other energy infrastructure such as onshore wind energy (onshore 
wind) [13]. Nevertheless, these studies do not cover SCM aspects. Some researchers have 
investigated CSCM aspects in relation to wind turbine blades: For instance, Rentizelas 
et al. [14] examine the reverse supply network design for waste volumes from wind 
turbine blades in Europe. The analysis reflects on environmental and economic aspects 
and proposes a semi-decentralised network design with 3—4 facilities in Europe. Beauson 
et al. [15] provide a holistic view on the EoL-related processes of wind turbine blades 
and discuss potential waste volumes, the legislation and standards as well as technical 
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processes in an European context. Nagle et al. [16] conduct a life cycle assessment 
of three repurposing scenarios for the second use of decommissioned wind blades from 
onshore wind in Ireland. Lapko et al. [17] focus on critical raw materials for photovoltaic 
panels and wind turbines and influencing factors to enable a closed-loop supply chain 
(SC). Koumoulos et al. [18] present a roadmap for challenges and practical applications 
for the composites industry. And finally, Franco et al. [19] conduct a systematic literature 
review (SLR) on the photovoltaic SC in the light of a CE. 

Thus, none of the presented studies take a holistic view on the wind energy SC while 
embedding the concept of a CE. So far, no SLR on CSCM in relation to the wind SC 
exists. However, for example Farooque et al. [6] call for industry-specific research as a 
result of their review on CSCM literature. In addition, as CE is a system-wide approach 
it is of importance to gather a complete picture. This paper aims at closing the research 
gap by answering the research question: “What is the current state of research on wind 
energy SCM and which links to a CE exist?”. With conducting a SLR a basis to derive 
research trends and gaps is set. 


3 Research Methodology 


The research methodology of this paper consists of identifying a representative sample 
of literature on the wind energy SCM and of analyzing this sample in regards to its 
reference to a CE. The SLR process is based on Tranfield et al. [20] as the process is 
known to gather knowledge within scientific literature and to enable a holistic view. The 
procedure was already used in CSCM [19, 21]. Using the established databases Scopus 
and Web of Science [22], the SLR was conducted between 21/03/2022 and 12/05/2022. 
As also summarized in Fig. 1, the review process consists of six steps. 


Search with Filter: Extend search Filter: Only Proofof Removal of 
wind AND Only with supply German and relevance by duplicates 
NOT other scientific chain and English abstract & title 

clean energies literature value chain publications analysis a 


T E Po i20 P1230 PE Pra | 
458,681 432,625 Final 


sample 
434,865 387,911 858 838 68 


Fig. 1. Search process of the scientific literature review 


The research is conducted by applying the following search string to titles, abstracts 
and keywords: (“supply chain*” OR “value chain*”) AND (“wind”) AND NOT (“pv” 
OR “solar” OR “photovoltaic*” OR “biomass” OR “biofuel” OR “biogas” OR “hydro’”’). 
The research string follows the assumptions of Franco et al. [19] and Velenturf [13]. 
Franco et al. used “supply chain*” and “value chain*” and excluded other energy sources 
such as biomass to identify papers purely on photovoltaic in their case. This approach is 
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applied for the case of wind energy in this publication. However, not “wind*” is used, but 
instead “wind” as done by Velenturf as “wind*” results in too many not related results. 
In contrast to Velenturf, the search does not include terms on CE, as CE has not yet 
fully migrated into the SCM and would eventually lead to overlooked publications [13, 
21]. To underpin, a search on Scopus on 21/03/2022 with the search string TITLE-ABS- 
KEY ((“wind”) AND (“circular*”) AND (“value chain*” OR “supply chain*’’)) led to 
19 publications from 2013-2022. 

A search with “wind” initially leads to 893,546 publications on Scopus and Web of 
Science. In a second step the literature is filtered to only scientific literature, journal and 
conference papers. Next, the search string is supplemented by “value chain*” and “supply 
chain*”’, resulting to 1,261 scientific publications. In the fourth step, only German and 
English articles are selected and in the fifth step, the title and abstract of each article 
is checked for relevance for the objective of this paper. Thus, only articles are selected 
that have a linkage to the wind energy industry and to SCM. To limit the boarder of the 
investigation, papers that only thematize power trading, offsetting, balancing or energy 
storage and transport (e.g. grid) are excluded. The focus is on the wind turbine SC with its 
components and materials. Also, market studies and studies purely focusing on technical 
design are left out. The sixth step, removes duplicates between the chosen databases. 
Finally, a representative sample of 163 scientific publications on the wind energy SCM is 
considered as the body of analysis. For 122 paper a full-text is available and for 41 papers 
only the abstract. The content of the abstract is sufficient for conducting the analysis, 
otherwise they would have been excluded. 

The analysis of the 163 articles foresees to first describe the sample regarding the 
publication year and secondly, a content analysis takes place. The object of research is 
characterized: material, component, wind turbine/ wind farm in onshore or offshore wind 
[13]. Materials for wind turbines are concrete, steel, electronical components (with its 
rare earth materials neodymium and dysprosium), copper, aluminum, polyvinyl chloride 
(PVC), operating fluids, composites (glass-fibre reinforced plastic (GFRP) and carbon- 
fiber reinforced plastic (CFRP)) [10, 23]. Out of those, the key components — foundation, 
tower, rotor blades, rotor hub, nacelle, generator, gearbox, grid connection technology — 
arise [10, 24]. Finally, the wind turbine and wind farm is assembled [13]. For a geo- 
graphical classification, the region of investigation is stated. Finally, following Vegter 
et al. [25], the publications are classified according to an adapted SCOR model: Plan, 
Source, Make, Deliver, Use, Return, Recover, and Enable. The authors have extended 
the common and industry-neutral framework with the processes Use and Recover to 
promote CE. Hence, they extract recycling and remanufacturing from the process Make 
to Recover and repair and maintenance from the process Make to Use [25]. The model 
is already used by other researchers in CSCM [1, 26]. 


4 Results 


This section presents the results of the applied research methodology that led to 163 
scientific publications about the wind energy SCM since 2007. When comparing to 
SCM in general with its first mentioning of the term in 1982 and even earlier research 
on some aspects, it is still a young research field [4]. As shown in Fig. 2, it is astonishing 
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that offshore wind has a longer track record as onshore wind was established to the 
market prior to offshore wind [10]. In total 8.6% of the articles focus on onshore wind, 
36.2% on offshore wind and the remaining 55.2% did not specify or addressed both 
types. Authors who did not specify the field could possibly mean onshore, since the field 
is more mature. Otherwise, the research interest on offshore wind’s SCM could be due 
to the logistical and manufacturing complexity of maritime operations [10, 27]. 


ae a 0 
30 Number of publications per year [-] Onshore or offshore wind [%] 
a g % | KA 
Te aN ACRE: % 
433 3 3 ‘ 
10 > beathtttae l 
Z VA A gate 2 y 
0 a E RZZGRRBOGERE » 
bBeaASCHAAM+tTHNH OR AA GAA Offshore 
o ee eS on | 
SR RRARARRRARARAARA A | POMOC 
A a = Wind (not further specified) 
mOnshore «Offshore %Both/ Not specified o » Both 


Fig. 2. Number of publications per year and wind energy offshore or onshore 


Next, the investigated region and object of research are presented in Fig. 3. 31.9% 
of articles from the sample address Europe, 12.7% Asia-Pacific, 12.7% Americas, 3.0% 
Africa and Middle East and 39.8% were not classified or have a global scope. In Europe 
mostly Germany (12 articles) and the UK (8 articles), in Asia-Pacific predominantly 
China (18 articles) and in Americas mainly the United States of America (USA, 14 
articles) were studied. China, USA and Germany are the biggest onshore markets that 
could eventually explain the research interest [10]. Europe being the largest offshore 
market, could justify why 49.2% of offshore wind research is located in this region [10]. 
Figure 3 also illustrates that 6.7% of the identified articles deal with materials, 27.6% 
with components and 65.6% with the wind turbine/ farm. 


Region of investigation [%] Object of investigation [%] 
Europe c 
Asia-Pacific Ba “Component 
= Americas Material 
= Africa & Middle East ; : 
AN = Global/ not specified ea 


Fig. 3. Number of publications per region and object of investigation 


Only rare raw materials that are used for permanent magnets generators are rep- 
resented in the sample. The research interest could be due to its high uncertainties on 
pricing and availability as supplier countries and mines are rare [10]. Research on key 
components mainly focus on blades and secondly on the generator and foundation. The 
publications on the foundation purely cover offshore wind. This could be due to the 
high technical requirements on the stability to cope with the extreme weather conditions 
[10, 24]. Most papers however address several components (e.g. spare parts). Finally, the 
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sample is clustered according to examined processes as presented in Fig. 4. Most articles 
deal with the processes Plan (31.5%) and Enable (29.7%). Followed by Source (9.2%), 
Use (8.6%) and Make (8.3%). The results indicate that the wind SCM literature focuses 
on these processes. Studies on Return (2.7%), Recover (5.0%) and Deliver (5.0%) are 
less represented in research. In the sample, some papers show a link to CSCM and sketch 
aspects of reducing, reusing, recycling and recovering materials and components. 


Plan (31.5%) 


ource Make Deliver Use Return 
(9.2%) (8.3%) (5.0%) (8.6%) (2.7%) 
Recover 
(5.0%) 


Enable (29.7%) 


Fig. 4. Final sample of scientific articles clustered according covered processes [25] 


For instance, Menzel et al. [28] cover the Plan process and discuss the benefits of 
modularization for a German manufacturer. Mert et al. [29] reflect on product-service 
systems for onshore wind. Bonfante et al. [30] outline strategies for rare earth magnets 
production and analyze CE strategies. Cheramin et al. [31] design the reverse SC for 
rare earth magnets in the USA and Rentizelas et al. [14] for blades in Europe. 


5 Conclusion and Future Research Agenda 


This work has identified and characterized a representative sample of scientific literature 
on wind energy SCM. Insights into the year of publication and covered regions, products 
and processes were given. First CE links are outlined that could form the basis for further 
research: For example, a systematic CSCM design of the macro, meso and micro levels 
and its dependencies on different objectives could be of interest. To be able to handle the 
complexity while reflecting the entire lifecycle of a wind turbine, a regional focus (e.g. 
on Germany) could be beneficial. Then also specific market and policy conditions can 
be considered. Modelling the resource flows and characteristics would increase trans- 
parency and could enable the identification of viable circular business models and SC 
design. As CE relies on a system change, the enabling processes (e.g. technology, coop- 
eration) also play an important role. The paper’s results indicate, that some CE strategies 
were addressed, but still rarely. Thus, researchers should continue to analyze the link of 
CE strategies and existing research on wind energy SCM. This counts for onshore and 
offshore, the material, component and infrastructure perspective and different regions. 
In this context, further empirical studies are needed that examine the effects on the three 
dimensions of sustainability as well as resilience. For instance, as turbines increasingly 
reach their EoL, research on reuse and recycle is required. Hence, a reverse SC and 
sufficient business models should be explored and lessons learned should be reflected in 
the design of new wind turbines. All in all, CSCM should enable to reduce, reuse, recycle 
and recover materials, components and turbines for keeping the highest possible value. 
To achieve this, the SC, company, products and processes levels have to be considered. 
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Abstract. Globally, the circular economy is emerging as a key issue for industrial 
innovation by enhancing the efficiency of resource use and promoting resource 
circulation. Remanufacturing is to recover the product after use to maintain its 
original performance through a series of production processes. Machine tools 
experience various operational problems such as malfunction, damage to parts, 
and deterioration after the service life has elapsed. Remanufacturing technology 
has several common technologies that can solve similar failures among different 
items, and can be largely divided into existing remanufacturing process technol- 
ogy and technology for upgrading the performance of a machine. A systematic 
technical background is needed to ensure the performance and reliability of reman- 
ufacturing products, but so far there are few cases of research on machine tool 
remanufacturing in Korea. 

Therefore, in this study, machinery items with high frequency of use and 
marketability among machine tools were reviewed as targets for remanufacturing. 
For the remanufacturing of used machine tools, failures to be solved by functional 
characteristics of target parts were identified, and remanufacturing elementary 
technologies were classified and analyzed, respectively. In addition, basic studies 
such as major performance, Failure Mode and Effect Analysis (FMEA) were 
conducted for the used machine tools. 


Keywords: Remanufacturing - Machinery - Machine Tool - Failure Mode and 
Effect Analysis 


1 Introduction 


Globally, the circular economy is emerging as a key issue for industrial innovation by 
improving the efficiency of resource use and promoting resource circulation. Remanu- 
facturing is the process of recovering a product after use at the end of its lifecycle and 
systematically manufacturing it to maintain its original performance through a series of 
production processes [1]. Therefore, remanufacturing is considered as one of the means 
for sustainable product production because it has a high effect of reducing energy con- 
sumption and recycling resources. Remanufacturing industry has a significant market 
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size in various sectors such as aerospace, heavy duty & off-road (HDOR), automotive 
parts, and machinery [2]. As of 2019, the global machine tool market size was 84.2 
billion dollars in production, and the trade volume between countries was 46.2 billion 
dollars in exports and 44 billion dollars in imports [3]. 

The entire process of machine tools is managed by the International Organization 
for Standardization (ISO) TC39. The scope of machine tool standardization includes 
the removal of materials or the processing of metals, woods and plastics by pressure 
[4]. According to the KS (Korean Industrial Standards), a machine tool is defined as 
a machine that removes unnecessary parts by cutting or grinding a metal workpiece to 
create a necessary shape [5]. After the service life of 10 to 20 years has elapsed, machine 
tools have various operational problems such as malfunction, damage to parts, and aging. 
As aresult, they tend to be sold after repair, sold as used goods, recycled material (scrap 
metal), or discarded. Machine tools are considered good remanufacturing targets as 
more than 80% of their materials are made up of recyclable metallic materials. It has 
the effect of saving energy and resources putting in the iron production process from 
ore, and also contributes to the reduction of carbon emission. It is necessary to develop 
remanufacturing technology and disseminate products for industrial machine items with 
high versatility, productivity and business potential among industrial machines after 
use. Failure is a phenomenon in which a product fails to perform a required function 
or does not meet its intended performance. IEC 60050-191 classifies failure, fault, and 
error according to the degree of failure. Failure Mode and Effect Analysis (FMEA) 
is a qualitative failure analysis technique that analyzes failure modes and effects of 
components or devices constituting a system in a bottom-up method [6]. It finds failure 
modes that can occur in machine tool systems and systematically analyzes their causes 
and effects to determine priorities. In addition, it is necessary to establish an improvement 
plan to remove potential failures that may occur in machine tools in use in advance, solve 
problems in advance, and continuously improve [7, 8]. 

In machine tools, the remanufacturing procedure consists of disassembly, cleaning, 
reverse engineering, function restoration, software reinstallation, and data upgrade for 
applying the latest technology after use. Although a systematic technical background 
is required to ensure the performance and reliability of machine tool remanufacturing 
products, there have been few cases of research on machine tool remanufacturing in 
Korea so far. Therefore, this study conducted a case study of elementary technology 
analysis considering remanufacturing targeting some of the used machine tools. 


2 Research Method 


In this study, I reviewed items with high frequency of use and marketability among 
machine tools widely distributed in industrial sites as targets for remanufacturing tech- 
nology analysis. These items are 7 types of machines including lathes, injection mold- 
ing machines, drawing machines, presses, milling machines, drilling machines, boring 
machines, and grinding machines. This study was conducted on lathes, injection mold- 
ing machines, and drawing machines, and further research on the remaining items is 
planned in the future. The authors performed the FMEA procedure in collaboration 
with a research team from an OEM manufacturer of CNC lathe machines and injection 
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molding machines. For the remanufacturing of the used machine tool, the derivation 
of the failure to be solved by the functional characteristics of the target part and the 
classification and analysis of the remanufacturing element technology were performed 
respectively. In addition, basic research such as main performance, Failure Mode and 
Effect Analysis (FMEA), parts inspection, and part structure tree analysis was performed 
on the used machine tools. 
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Fig. 1. Procedures for implementation of FMEA. 


The procedure for performing FMEA for element parts of remanufactured machine 
tools is shown in Fig. |. First, in the planning and preparation stage, the 5 T‘s Method 
(inTent, Timing, Team, Task, Tools) utilization plan is established, and analysis tar- 
get definition and prior information are collected according to the purpose of FMEA. 
Structure Tree, Fault Tree Analysis, and Reliability Block Diagram were presented by 
analyzing the components and interrelationships of the items to be analyzed in the struc- 
ture and function analysis stage. In the failure analysis stage, the type of failure was 
derived by referring to failure cases of the target machine tool and similar products in 
the past. In addition, a brainstorming meeting was held with experts from the research 
team, and related failure effects and failure causes were analyzed. In the risk analysis 
stage, the severity of the failure impact on parts and subsequent assemblies, systems, 
customers and legal restrictions was evaluated. We derived the Risk Priority Number 
(RPN) by considering the severity, frequency of occurrence, and degree of detection of 
the failure of the machine tool to be analyzed. 

Figure 2 describes the failure mode and impact analysis form of remanufacturing 
elemental technology for elemental parts subject to remanufacturing in machine tools. 
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Fig. 2. Form for analysis of failure mode and effect of remanufacturing technology. 


3 Results 


3.1 Injection Molding Machine 


(1) 


(2) 


Overview of Injection Molding Machine 

An injection molding machine is a machine that creates products of various 
three-dimensional shapes by injecting materials such as plastics or rubbers, melt- 
ing them with heat, and then injecting high pressure into the mold. Injection mold- 
ing machines are evolving in a direction to quickly respond to rapidly changing 
technological trends and productivity improvement demands, such as enlargement, 
thinning, and weight reduction of parts, and eco-friendly/substitute materials [9, 
10]. 

The structure of the injection molding machine is largely divided into an injec- 
tion unit, a clamping unit, a control system, and the like. Injection Mechanism is a 
device that supplies, measures, plasticizes and melts molding materials and injects 
them into the mold at high pressure. The clamping mechanism maintains the clamp- 
ing force so that the mold does not open during resin injection, and when the resin 
cools and solidifies, it opens the mold and removes the molded parts. Mold, die 
plate, and tie bar or tie rod), clamping cylinder, ejector and other parts. 
Classification of remanufacturing element technology 

The major remanufacturing element technologies of the injection molding 
machine were selected based on research and analysis data such as the injection 
molding machine’s main performance, A/S data, overhaul, and parts structure tree, 
and remanufactured parts and performance-enhancing parts were selected. Follow- 
ing technologies were considered as element technologies for the remanufacturing 
process. 


e Restoration technology using 3D additive manufacturing technology without 
remanufacturing worn parts for hydraulic cylinders and hydraulic pumps 

e Restoration technology such as chrome plating and laser cladding for hydraulic 
cylinder rods, hydraulic pump pistons, and piston shoes 

e State inspection of core parts, inspection instrument and jig tool optimization 
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e Technology that optimizes the number of revolutions according to the operat- 
ing load by replacing the induction motor that supplies hydraulic power to the 
hydraulic injection molding machine with a servo motor 

e Monitoring technology that provides information so that management and main- 
tenance can be performed in a timely manner to extend the life of the injection 
molding machine by preventing failures in advance 


(3) FMEA result of injection molding machine 


The analysis results of failure modes and effects of remanufacturing element tech- 
nology on element parts subject to remanufacturing of injection molding machines are 
shown in Fig. 3. The main components of the cylinder are piston seal, rod seal, cylinder 
tube, piston, rod, Hush & wearing, head and rod cover, cushion ring and plunger, etc. 
Seal parts have the functions of preventing oil leakage, preventing foreign substances 
from entering, and preventing rod wear. However, malfunctions such as abrasion, break- 
age, and hardening of seals due to long-term use of these parts result in reduced function 
and efficiency and shortened lifespan. In the case of cylinder tube and piston rod, due 
to failure causes such as abrasion, deformation, and damage, the efficiency decreases 
and the operation becomes impossible. Hush & wearing protects the piston seal and rod 
seal, but malfunctions such as damage and wear due to overload and foreign substances 
occur. The head and rod cover are key parts that maintain airtightness inside the tube, 
but they lose their function due to failures such as high load and deformation. 


archange of nee 
oa 


Fig. 3. Analysis of failure mode and effect of remanufacturing element technology (Injection 
Molding Machine) 
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The main components of an oil cooler are heat exchangers and condensers, piping 
and welds, compressors, valves, oil storage tanks, oil pumps and motors, fan motors, 
and control panels. The heat exchanger and condenser function as fluid energy transfer 
and cause system failure due to refrigerant leakage, refrigerant flow stop, oil leak, oil 
flow stop failure. Pipes and welds must be kept airtight, and failures such as cracks and 
breakage occur. The compressor performs a refrigerant compression function, and the 
main causes of failure are bearing damage, valve failure, and seal leakage. Oil circulation 
is the main function of oil storage tanks and oil pumps, and errors in the oil system occur 
due to oil contamination, leakage, and pump failure. The fan motor acts as a heat sink 
and the main cause of failure are bearing damage, which causes oil temperature to rise. 
When the control system composed of the control panel circuit and sensor malfunctions, 
it causes the entire system to malfunction. 


3.2 CNC Lathe Machine 


(1) Overview of CNC Lathe machine 

A CNC lathe is a type of machine tool that cuts a workpiece using numerical 
control through a computer and is used in the metal processing field. The CNC 
Lathe is a representative metal cutting machine that rotates the workpiece and per- 
forms cutting, sanding, drilling, turning, etc. using a tool to symmetrically process 
the workpiece with respect to the rotation axis. CNC lathe technology is trend- 
ing towards high-speed, multi-axis, complex, precision and smart, which greatly 
improves cutting ability by reducing lead time and shortening machining time to 
increase the efficiency and productivity of the machining process, and changing the 
machining method while using the existing tool. In the CNC lathe, the main units 
are Bed unit, Spindle drive unit, X-axis assembly unit, Z-axis assembly unit, Head 
stock unit, Tail stock unit, Chuck, Tool post, Splash guard, Electric control unit, 
Hydraulic unit, Lubrication It is composed of unit, chip conveyor, and operating 
panel [9, 10]. 

(2) Classification of remanufacturing element technology 

In the CNC lathe, the main remanufacturing element technology selected reman- 
ufactured parts and performance-improved parts based on research and analysis data 
such as the main performance of the CNC lathe, A/S data, overhaul, and part struc- 
ture tree. The following technologies were considered as element technologies for 
the remanufacturing process. 


e Linear axis positioning accuracy, spindle runout through the development of 
replacement technology for precision transfer parts (LM Guide, Ball Screw, 
etc.) and headstock (Shaft, chuck, spindle drive, etc.) 

e Optimization of remanufacturing process to restore old products to the new level 
and computerized programming of work procedures 

e Restoration technology that reprocesses parts using metal lamination, cladding, 
and metalizing technologies to reinforce large structures such as beds 

e Technology that can reduce power consumption of accessories (hydraulic 
pumps, coolant pumps, conveyors, etc.) by more than 15% compared to existing 
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products by upgrading electric control devices such as controllers and applying 
standby power reduction technology to remanufacturing equipment 


(3) FMEA result of CNC lathe machine 


Figure 4 presents the results of analysis of failure modes and effects of overall reman- 
ufacturing element technology for element parts subject to remanufacturing of CNC lathe 
machine. The CNC lathe, FMEA for deriving element technology was performed for 
the remanufactured parts, the Ball screw and the spindle drive unit [11]. The main parts 
of Ball Screws are screw shaft, nut, return pipe, deflector, pipe press plate, wiper or seal, 
and steel ball etc. The return pipe and deflector function as a ball transfer function, and 
due to failure causes such as wear, deformation, and destruction, ball transfer is impos- 
sible. The wiper or seal prevents foreign substances from entering and leakage occurs 
when worn. Steel ball rotates and supports load, but failures such as fusion, deformation, 
destruction, and abrasion occur and cause noise, vibration, and friction increase. 
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Fig. 4. Analysis of failure mode and effect of remanufacturing element technology (CNC lathe 
machine) 


The spindle drive unit is a device that enables cutting by transferring the power of 
the CNC lathe to the belt or gear and transmitting the rotational power to the chuck 
that bites the workpiece. The main components of the spindle unit are Spindle, Bear- 
ing, Color, Pulley, Housing, etc. [12]. In spindle drive unit, the main shaft functions as 
a power transmission and support function, and the precision decreases and the lifes- 
pan are shortened due to failures such as abrasion and bending. The pulley performs 
a power transmission function, and the efficiency decreases due to wear and cracks. 
Bearings rotate and support functions, and precision is reduced due to increased friction 
and clearance. Housing functions as a structure and self-maintaining, and its strength 
decreases due to failure causes such as cracks and wear. Linear Motion Guide (LM 
Guide) is a part that supports and guides the load in linear motion. The main compo- 
nents of Linear Motion Guide are linear rail, linear block, end plate, guide bar, end seal, 
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seal plate, scrapper, u-bending, retainer, ball, nipple connector, etc. The linear rail acts 
as a guide, and poor positioning accuracy occurs due to failures such as wear and plastic 
deformation in linear motion guide. The end plate and guide bar function as a steel ball 
circulation, and friction increases in case of breakage. The end seal and seal plate func- 
tion to prevent the inflow of foreign substances, and poor lubrication occurs due to wear 
and deterioration. The scrapper removes impurities, and plastic deformation occurs due 
to the inflow of foreign substances and increased friction. U-bending, retainer, ball, etc. 
function to support the steel ball, and abnormal operation and noise occur due to failures 
such as abrasion, cracks, and deformation. 


4 Summary 


In this study, we implemented the functional characteristics of major parts, failure deriva- 
tion, classification of remanufacturing element technology, and Failure Mode and Effect 
Analysis (FMEA) for the remanufacturing of machine tools. The results derived from 
this study are as follows. As machine tools are made up of about 80% reusable metal 
materials, they are therefore considered good remanufacturing targets. It is necessary to 
develop remanufacturing technology and disseminate products for industrial machine 
items with great versatility, productivity and business potential. The main remanufac- 
turing element technologies of the Injection Molding Machine were divided into reman- 
ufacturing process technology and spec-up technology, and among them, the results of 
FMEA for cylinder and oil cooler were presented. In CNC lathe machine, the results of 
FMEA for Ball Screws, Spindle Drive Unit, and Linear Motion Guide were presented. 


Acknowledgments. This work was supported by Korea Institute of Energy Technology Evalua- 
tion and Planning, grant funded by the Korean government. 


References 


1. Kang, H.Y., Jun, Y.S., Park, J.H., Yang, E.H.: Design of household appliances considering 
remanufacturing: a case study. EcoDesign and Sustainability I, 33-43 (2020) 

2. Jun, Y.S., Kang, H.Y., Jo, H.J., Baek, C.Y., Kim, Y.C.: Evaluation of environmental impact 
and benefits for remanufactured construction equipment parts using life cycle assessment. 
Procedia Manufacturing 33, 288-295 (2019) 

3. Korea Machine Tool Manufacturers’ Association: 2020 Machine tool industry statistics 
yearbook (2020) 

4. ISO/TC 39 Machine tools. https://www.iso.org/committee/48354.html 

5. Korean Standards Service Network: Glossary of terms relating to parts of machine tools and 
operation (2012) 

6. AIAG&VDA: FMEA Handbook. Automotive Industry Action Group, Michigan (2019) 

7. TEC 60812:2018 Failure modes and effects analysis (FMEA and FMECA) 

8. SAE J1739: Potential Failure Mode and Effects Analysis (FMEA) Including Design FMEA, 
Supplemental FMEA-MSR, and Process FMEA (2021) 

9. Hoffman, P., Hopewell, E.: Precision Machining Technology. NIMS (2020) 


102 Y. Jun and Y. Yoo 


10. Boothroyd, G., Knight, W.A.: Fundamentals of Machining and Machine Tools, 3rd edn. 
Taylor & Francis (2006) 

11. Ball screw for positioning: RSB0071/RS-KIMM-2010-0036 (2010) 

12. Belt driven spindle unit for CNC lathes: RS-KIMM-2011-0110 (2011) 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


®) 


Check for 
updates 


Measurement of Disassembly Work Using 
Optical Motion Capture 


Ryuto Kawane!, Hiromasa Ijuin', Ryosuke Nakajima!, Masao Sugi’, 
Shuho Yamada?, and Tetsuo Yamada! &) 


i Department of Informatics, The University of Electro-Communications, 1-5-1 Chohugaoka, 
Tokyo 182-8585, Japan 
{k2230047,12040014}@edu.cc.uec.ac.jp, {nakajima, 
tyamada}@uec.ac.jp 
2 Department of Mechanical and Intelligent Systems Engineering, The University of 
Electro-Communications, 1-5-1 Chohugaoka, Tokyo 182-8585, Japan 
sugi@mce.uec.ac.jp 
3 Department of Mechanical Systems Engineering, Faculty of Engineering, Toyama Prefectural 
University, 5180 Kurokawa, Imizu, Toyama 930-8555, Japan 
syamada@pu-toyama.ac.jp 


Abstract. In recent years, the depletion of natural resources has been severe glob- 
ally. One of the solutions to this problem is to reuse and recycle materials from 
end-of-life (EOL) products and reduce waste. In the industrial field, disassem- 
bly work is needed to take back parts/materials from the end-of-life assembly 
products. Furthermore, in the manufacturing industry, there are human resource 
development or skill transfer issues due to a declining birth rate and an aging 
population as well as a labor shortage in developed countries. In particular, in 
Japan, the population aged 65 and overreached 28.8% of the total population in 
2019, and the labor shortage has become more serious. To resolve these issues, the 
digitization of skills through optical motion capture is promoted in this industry, 
where three-dimensional coordinate data of workers can be accurately measured. 
Toshiba Corporation has introduced motion capture for achieving more effective 
guidance and skill transfer at the work site. However, data related to disassem- 
bly were not obtained via motion capture. This study measures and analyzes the 
motion data for disassembly work obtained via optical motion capture. First, the 
motion data for disassembly work is obtained via optical motion capture. Next, 
the data obtained is shown graphically and compared by body part. Finally, the 
results are shown and discussed. 


Keywords: Reuse and Recycling - Work Analysis - Motion Tracking - Digital 
Transformation - Sustainable Manufacturing 


1 Introduction 


In recent years, the depletion of natural resources has been severe globally. One of the 
solutions to this problem is to reuse and recycle materials from End-of-Life (EOL) prod- 
ucts and reduce waste [1]. In the industrial field, disassembly work is needed to take 
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back parts/materials from EOL assembly products. Furthermore, in the manufacturing 
industry, the labor shortage due to the falling birthrate and aging population has made 
it difficult to train human resources and achieve skill transfer [2]. In order to solve such 
problems, the manufacturing industry has been promoting digitization using sensors and 
Artificial Intelligence (AI) analysis [3, 4]. Digitization has a profound impact on daily 
life, changing people’s lives for the better in all aspects. Such a digitization method is 
called “Digital Transformation (DX)” [5]. In addition, motion capture has been intro- 
duced at the work site for more effective instruction and skill transfer [6]. Motion-capture 
[7] technology can accurately measure human body movements, and can acquire time 
and three-dimensional time-series coordinate data simultaneously. 

In previous studies, human positioning measurements have been performed at work 
sites using acceleration and magnetometer sensors [8]. Liu et al. [9] conducted research 
using video motion capture to realize a manufacturing system in which robots and human 
coexist. However, optical motion capture, which could accurately measure position coor- 
dinates was not used. On the other hand, Kawane et al. [10] measured and analyzed the 
assembly work using optical motion capture and machine learning, although they did 
not treat the disassembly works. Moreover, Wilhelm et al. [11] proposed an ergonomic 
approach to optimize an entire manual assembly process chain in a manual assembly 
line using ErgoSentinel Software and a Microsoft Kinect depth camera. However, the 
measurement of disassembly works and that with optical motion capture, which can 
obtain high-precision absolute position coordinates, are not conducted. 

This study measures and analyzes the motion data for disassembly work obtained 
via optical motion capture, and the following Research Questions (RQs) are developed. 


RQ1: How do the worker’s movements change with each disassembly work? 
RQ2: How does the worker proficiency affect the disassembly work? 


2 Method 


This study designs an experiment, where the disassembly process involves loosening 
nuts. The nut-loosening work is conducted with the instruments on the desk with stand- 
ing, and loosens the nut with their dominant hand while holding the instrument with the 
opposite hand. The nuts are of the M16 type [12], i.e., non-loosening nuts. 

The measurement is performed using an MAC3D Kestrel-300 optical motion capture 
system from NAC Image Technology, Inc. [13] at a frame rate of 60 fps. The accuracy 
of the MAC3D system is less than 1mm average error [13], and the least significance of 
the raw data is 10 nm displayed in the device. The amount of data for 3D coordinates 
obtained via optical motion capture is large, and an operation for approximately 15 s 
consists of approximately 36,000 data (approximately 1,000 frames x 3 dimensions x 
12 markers) as in the case of this study. The data measurement procedure is as follows. 


1. The worker wears clothing with 10 reflective markers (Fig. 1). 

2. A wrench (Fig. 1) with reflective markers o the upper jaw and grip is used. 

3. The nut is loosened for two turns by using the wrench according to a line marked in 
advance. 
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4. The third work of 10 times and a 5-min break is conducted three times. 


Figure | shows the positions of the reflective markers attached to the operator and 
the wrench based on Helen Hayes Marker Set [14]. For the worker, Three-Dimensional 
(3D) position coordinates are obtained for the top of the head, back of the head, front 
of the head, right shoulder, right elbow, right wrist, left shoulder, left elbow, left wrist, 
and back. For the wrench, the 3D position coordinates of the upper jaw and grip are 
acquired. 

To analyze the motion changes and the worker proficiency in the disassembly work by 
obtaining time-series coordinate data via motion capture, the average, standard deviation 
and the movements of each disassembly work are compared. 
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4,right shoulder 7.Jeft shoulder 
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Fig. 1. Attachment points of reflective markers for using motion capture. 


3 Results 


For considering a difference by the worker’s proficiency, the working time and the values 
obtained via motion capture in each working session are compared in this section. 


3.1 Result of Disassembly Time 


Figure 2 shows the observed working time of disassembly work from the 1st to the 30th 
operation for loosening the nut. The horizontal axis indicates the work number, and 
the vertical axis shows the working time at each work. The yellow lines correspond to 
intervals of respective 10 operations, and the red line indicates the mean working time. 
It is found that all the working times from the 21st to the 30th works were shorter than 
the average working time. 

Table 1 presents the mean and standard deviation of working time for each of the 
10 work sessions. The average working time for session 3, consisting of the 21st to 
the 30th operation, was reduced by 25.3% and 29.4% compared with one in the other 
two sessions, respectively. Thus, this result implies learning effect, where the workers 
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became accustomed to the operation through repetition. The standard deviations for the 
session 2 and session 3 are greater than ones for session 1. It is considered that worker 
fatigue and the search for tricks to perform the work efficiently have caused the variation 
in the working time. In addition, the learning effect observed and expected level since 


the value of session 3 became smaller than that of session 2. 


From now, to identify the differences in the movements that affected the reduction 
in the working time, the transitions of the 3D coordinates for each marker in the first 


two operations and the last two ones are observed and compared. 
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Fig. 2. Observed working time of disassembly work in each session. 


Table 1. Average and standard deviation of working time in each session and total 


Session 1 Session 2 Session 3 All 

(1st—10th) (1 1th—20th) (21st—30th) (1st—30th) 
Average [s] 17.198 18.203 12.845 16.082 
Standard deviation [s] 1.0559 2.0176 1.279 2.771 


3.2 Results of Movements Measured 


In the previous section, it is found that there is a possibility that the worker’s physical 
movements are also different because the average working time was different in each 
session. In this section, the worker’s movements are analyzed by using optical motion 
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capture. Specifically, to investigate the relationship between the working time and the 
worker’s movements, the movements of the first two operations at the 1st and 2nd and 
the last two operations at the 29th and 30th are compared. 

Figure 3 presents the position coordinates of the reflective marker affixed to the top 
of the worker’s head. The horizontal axis means Y or Z coordinate value, and the vertical 
axis shows the number of frames at each work. As shown in Fig. 3 (1), there is a large 
difference in the Y-coordinate between the first two operations and the last two ones. For 
instance, the variation of the Y-coordinate for the last two operations was approximately 
by 65.3 [mm] larger on average than that for the first two operations. This indicates that 
the head was moved in front of the body with moving their head to forward at the same 
time when the worker loosened the nut in the last two operations. For the Z-coordinate, 
the first two movements exhibited only small fluctuations of 88.2 [mm] on average, 
whereas the last two movements indicated large fluctuations of 133.4 [mm] on average. 
This means that the worker moved his head forward, and that his center of gravity was in 
front of his body when he lowered his head while loosening the nut. One of the reasons 
is that these movements make it easier to apply force to the arms. 


Y- top_head WorkNo Z- top_head 


Y coordinate [mm 


Frame Number Frame Number 


(1) Y-coordinate (2) Z-coordinate 


Fig. 3. Time-series data values of top of the head: (1) Y-coordinate and (2) Z-coordinate 


Figure 4 shows the movements of the right shoulder, right elbow, and right wrist in 
the Y-Z (depth-height) plane. The horizontal axis indicates Y coordinate value, and the 
vertical axis shows Z coordinate value at each work. The range of motion was relatively 
wider for the 30th work at all three locations. The 30th movement was by 29.8 [mm] 
greater downward and by 116.2 [mm] greater forward for the shoulder movement. This 
is because more weight could be applied to the front. In contrast, the elbows and wrists 
moved more upward by 105.0 [mm] on average. This means that the worker turned the 
nut using not only the force to push it forward but also another force to move it upward. 
Thus, in this nut-loosening operation, putting the body weight forward and using the 
force to raise the elbow and wrist improved the efficiency. 


3.3 Discussion 


Based on the results in Sects. 3.1 and 3.2, the RQs developed in Sect. 1 are answered as 
follows: 
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Fig. 4. The time series data of the right shoulder, right elbow, and right wrist in the Y-Z (depth- 
height) plane. 


e Answer of RQ1: How does the worker’s movements change with each disassembly 
work? 


It was found that the worker moved his head and right arm more forward by approx- 
imately 65.3 [mm] and 105.5 [mm] on average at the 30th work compared with the Ist 
work. Therefore, it is considered that the worker became accustomed to the operation 
through repetition. 


e Answer of RQ2: How does the worker’s proficiency affect the disassembly work? 
The upper half of the body was moved more forward, the head and shoulder were 


moved more downward, and the wrist and elbow were moved more upward. These 
movements are considered to make the nut loosening process more efficient. In addition, 
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the worker’s proficiency through repetition of the same work was found to reduce the 
working time by approximately 27% in the nut-loosening work. 

The results indicate that variation in working motion and time in experimented 
disassembly works, can be measured and identified by using optical motion capture. 
Since the identified disassembly motion and time enable us to improve the work, the 
proposed measurement of disassembly work using optical motion capture can contribute 
efficient reuse/recycling and automation of disassembly works for sustainability. 

The limitation of this study is that it is impractical to draw and analyze the transitions 
of position coordinates graphically since the data obtained via optical motion capture 
is huge. Thus, it is expected that machine learning, which is useful for processing large 
amounts of data, will be used to analyze the data. The usage of machine learning to 
analyze high-precision position-coordinate data obtained from optical motion capture is 
expected to support the transfer of operator skills from an unprecedented perspective. 


4 Summary and Future Studies 


This study measured and analyzed the motion data for disassembly work obtained via 
optical motion capture. As an example of disassembly work, the work of loosening a 
nut was measured and analyzed. Among a total of 30 works, the working time was 
relatively short for the last 10 works. Therefore, to investigate the relationship between 
the working time and the worker’s movements, the movements in the 3-D position 
coordinates obtained via motion capture for the first two works and the last two works 
were compared. 

Future works should verify the findings from these results in every case, and consider 
the analysis of the motion data obtained via optical motion capture by machine learning 
to quantitatively extract tacit knowledge in the work [10]. 
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Abstract. With an expected growth of global waste to 3.40 billion tonnes by 
2050 and a circularity today of only 8.6% of the world, the earth’s sustainable 
resources are being exploited beyond their regeneration capacity. Hence, it is nec- 
essary to step away from a take — make — dispose principal and transform from 
a linear towards a circular economy to close product cycles to optimize resource 
consumption and reduce waste. Product-Service-Systems (PSSs), based on mul- 
tiple product life cycles combined with remanufacturing, offer a solution to close 
product cycles. In such PSS, the responsibility for returning, remanufacturing, 
and repairing used products remains with the Original Equipment Manufacturer 
(OEM) and increases its need in (reverse) supply chain activities. Essential fac- 
tors for (reverse) supply chains are, e.g., determining the distribution network, the 
location of recovery facilities, the geographical dispersion of the customers, and 
the information flows between the different stakeholders. In this context, this work 
proposes a multi-method simulation model to support practitioners in determin- 
ing the optimal infrastructure for storing, remanufacturing, and repairing the used 
products regarding economic and ecological target criteria. The applicability of 
the proposed approach is illustrated through a case study of a white goods manu- 
facturing company. This case study highlights the importance of determining the 
optimal infrastructure in a (reverse) supply chain in PSS business models. 


Keywords: Circular Economy - Product-Service-Systems - Simulation - Facility 
Location Problem 


1 Introduction 


The consequences of the linear economy, such as anthropogenic climate change, increas- 
ing amounts of waste, and growing scarcity of raw materials, transform a circular econ- 
omy indispensable. Among the multitude of end-of-life strategies, remanufacturing is 
one of the key elements of a circular economy. 
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An essential prerequisite for successful remanufacturing is the user’s return of the 
used products. Although several incentive systems exist to encourage the user to return 
the product, these are usually associated with a high degree of uncertainty regarding the 
timing and quantity of the returns and the quality of the used products [1]. 

Product-service systems (PSS), which can be defined as a “marketable set of products 
and services capable of jointly fulfilling a user’s need”, are a promising approach to 
solving this problem [2]. In particular, the user-oriented services form of PSS, where the 
Original Equipment Manufacturer (OEM) remains the product’s owner, allows for better 
planning of the remanufacturing processes. Furthermore, these new business models 
enable OEMs to create new sources of added value and competitiveness while at the 
same time fostering sustainability [3]. To this end, it is necessary to plan and design the 
(reverse) supply chain and define the locations and capacities for the collection, return, 
and remanufacturing of the used products, in addition to the production and distribution 
of the products. 


2 Related Work 


Over the past decades, several methods and approaches have been developed addressing 
(reverse) supply chain network design and facility location problems in circular economy 
business models [4, 5]. Dominguez et al. [4] explored the impact of the critical deci- 
sion on (reverse) supply chain performance by comparing centralized and decentralized 
remanufacturing scenarios. The developed simulation considers different return rates, 
information transparency levels, and nodes in the reverse supply chain. Lieckens et al. 
[6] developed a strategic decision support tool for (reverse) supply chain networks by 
considering the number of locations, capacities, and inventory levels of remanufacturing 
facilities. 

Several articles tackled the problem of solving the facility location problem in 
(reverse) supply chains by developing mixed-integer programming models [7—9]. For 
example, Aljuneidi and Bulgak [7] developed a model for reverse supply chain networks 
to minimize carbon emissions and transportation distances. 

Despite the importance of identifying the optimal (reverse) supply chain network 
design, few published works considered the impact of PSS in a circular economy. Bal 
and Badurdeen [10] presented a multi-objective optimization model considering PSS’ 
social, environmental, and economic criteria. The study aims to optimize the locations of 
end-of-life product recovery facilities. An additional paper by Bal and Badurdeen [11] 
presents a simulation-based optimization approach for (reverse) supply chain network 
design, comparing a ‘selling’ with a ‘lease and sell’ strategy. 

However, existing approaches lack incorporating customer behavior and the stochas- 
tic characteristic of product end-of-life regarding the quantity, timing, and quality of the 
returned products for PSSs’ (reverse) supply chain network design. Hence, this study 
aims to develop a decision support tool based on multi-method simulation for PSS 
(reverse) supply chain network design by identifying the optimal locations for recov- 
ery operations such as repair and remanufacturing. Based on customer base, repair, and 
remanufacturing volumes, the simulation model can respond flexibly to environmental 
changes and help to decide which existing physical infrastructure should be integrated 
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into the (reverse) supply chain. In this context, the simulation model incorporates the 
stages of manufacturing, use phase, and remanufacturing of a product’s multiple life 
cycles. 


3 Methodology 


Many different procedure models for conducting simulation studies can be found in the 
literature. Nevertheless, almost all procedure models consist of task and system analysis, 
model formulation, model implementation, model verification, and model application, 
although the names can vary widely [12]. 

First, starting from a real or planned system, the task and system analysis are carried 
out to define the simulation’s objective and describe the system’s elements under con- 
sideration, e.g., concerning the level of detail, as a basis for the simulation model [13]. 
This is followed by the model formulation, in which the creation of a simulation model 
by abstracting irrelevant characteristics and mapping relevant characteristics takes place 
[14]. For this purpose, a descriptive concept model is first created, which contains the 
basic system functions and interactions [15]. The formal or structural model concretizes 
the conceptual model and is structurally described, e. g., by program flow charts, state 
transition diagrams, or block diagrams [15, 16]. Next, the model implementation takes 
place, i.e., creating an executable program, the simulation model, using suitable pro- 
gramming languages [16]. The model verification is used to check if the simulation 
model contains logical errors (“semantic correctness’) and if the simulation software 
or other modeling tools were used according to the specified syntactic rules (‘syntactic 
correctness’) [17]. This verification and validation is a permanent, iterative process that 
accompanies all phases of a simulation study [15, 16]. With the model application in 
the form of simulation experiments, information can then be obtained to explain the 
behavior of the real system and the future behavior of the modified real system. The 
results of the simulation experiments are initially formal results that can be used either 
to adapt the simulation model (‘gaining knowledge’) or to implement it in the real or 
planned system (‘using knowledge’) [18-20]. The simulation results serve as decision 
support and must be evaluated and processed in a suitable form to enable interpretation 
[16]. Based on the conclusions for the real system, the cycle is closed, e.g., to adapt the 
model to new conditions of the real system [21]. 


4 Case Study 


The proposed methodology was applied to a case study with a white goods manu- 
facturing company involved in the EU project ‘Resource-efficient Circular Product- 
Service-Systems’ (ReCiPSS). The whitegoods company is piloting a PSS offering for 
300 washing machines in four markets, i.e., the Netherlands. The washing machine 
model relevant for the study is a high-end product for heavy-duty applications designed 
for 30,000 washing cycles. This model is usually in service for seven years on average 
before users replace the machines for different reasons [22]. 

To scale up the implementation of PSS, it is planned that during the product life- 
time of the washing machine, each washing machine will be remanufactured twice and 
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serve over three life cycles of five years. To support a new business model for washing 
machines based on multiple life cycles and product remanufacturing, the white goods 
manufacturing company will require a new (reverse) supply chain infrastructure. 


4.1 Task and System Analysis 


The multi-method simulation model evaluates the economic and ecological performance 
of the (reverse) supply chain infrastructure. To determine the optimal infrastructure, the 
simulation model considers several objective functions to minimize the transport and 
storage costs, service time, and CO, emissions of the PSS washing machines during 
their complete product lifecycle. 

The model boundary consists of the geographical location of the value chain stake- 
holders, namely manufacturer, warehouse, customers, retailers, and remanufacturers, 
involved in the white goods demonstrator of the ReCiPSS project. 

All relevant data for simulation was gathered continuously from 2018 to 2020 in 
workshops and open-ended interviews with the white goods manufacturing company 
and their service providers involved. The supply chain-related data, such as the location 
of facilities (warehouse, retailers), transport costs, and reverse logistics, were collected. 
In addition, data and assumptions were adopted from Roci et al. [23] to develop the 
simulation model. 


4.2 Model Formulation 


A class diagram with its classes, attributes, and relationships was described based on the 
system analysis, see Fig. 1. 

At the core of this class diagram, the Main agent selects individual locations of 
the manufacturer, warehouse, customers, retailers, and remanufacturers for the (reverse) 
supply chain. The locations are selected to ensure a high target fulfillment according 
to the target criteria mentioned in Sect. 4.1. Therefore, the Main agent uses an ADD 
algorithm to search the solution space to generate an optimal or near-optimal solution 
(+evaluateLocations ()). 

For the calculation, the Main agent needs information about customers, capacity 
utilization and costs of the locations’ warehouse, and vehicles depending on washing 
machine orders, repair, and remanufacturing requests. Therefore, each location can cal- 
culate their stock level (+calcStockLevel()), and utilization time of the vehicles (+cal- 
cUtilizationTime()). The locations receive information about washing machine orders, 
repair, and remanufacturing requests and allocate them to the vehicles. For the order 
allocation, a genetic algorithm is applied (+generatePopulation(), +-calcFitness(), + 
mutatePopulation(), +crossoverPopulation(), +selectPopulation()). 

For the order allocation, the locations need information about the transportation 
times, transportation start, and utilization times of the vehicles. Each vehicle is thus able 
to calculate their transportation start (+calcTransportStart()) and time (+calcTransport- 
Time()) according to their position, speed, and availability. Then, the locations ‘negotiate’ 
with the vehicles, which can modify the solution based on local knowledge (+mutatePop- 
ulation()). Finally, the best-found solution will be taken to allocate the order to the 
vehicles. 
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Furthermore, the customers are represented by the Customer agent. The characteristic 
of the customer differs in the choice of the service package, e.g., contract duration, service 
level, and behaviors in terms of premature contract termination and subscription renewal. 
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Fig. 1. Class diagram of the (reverse) supply chain of the white goods demonstrator model 


4.3 Model Implementation and Verification 


A multi-method approach comprising the Agent-based and Discrete Event techniques 
to model the (reverse) supply chain was chosen. Therefore, the AnyLogic Professional 
8.7.2 software was selected to develop the simulation model [24]. 

The simulation model consists of the Agents Main, Manufacturer, Remanufacturer, 
Warehouse, Retailer, Vehicle, Customer, and Washing Machine. The agents are placed 
in a geospatial environment defined by the GIS map according to the supply chain 
configuration of the white goods company. The simulation duration of individual runs 
was determined statically by a time-related event. The duration of the simulation time 
was set to fifteen years. 

Finally, verification techniques presented in Rabe et al. [12] were implemented dur- 
ing the simulation study. To ensure that the simulation model meets the theoretical 
requirements, animation using 2D and 3D graphics, trace analysis, extreme-condition 
test, and face validity with the case company was applied. 
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4.4 Model Application 


Within the model application, the system behavior in the demonstrator phase of the PSS 
business model for white goods in the Dutch market is analyzed based on the simulation 
results. For this purpose, the total transport and storage costs, service time, and CO2 
emissions of the PSS washing machines in the three scenarios were determined and 
compared. In scenario one, the customers were distributed in Amsterdam, in scenario 
two, in Groningen, and in the last scenario, the customers were randomly distributed 
throughout the country. 

Concerning the target figure ‘transport and storage costs’, scenario one with cus- 
tomers in Amsterdam is less expensive than scenario two, with customers in Groningen 
by ca. 45%. Compared to scenario three, where customers are spread across the whole 
country, ca. 27% more costs are incurred than in scenario one. 

Considering the target figure ‘service time’, the customer requests, e.g., a request for 
a technician in case of machine failure, can be fulfilled in scenarios one and two within 
15 h on average. In scenario three, customers typically have to wait 21 h until their 
requests are fulfilled. On average, the white goods company’s minimum requirement of 
fulfilling the customer’s request within 24 h is reached in all three scenarios. 

Regarding the target figure ‘CO2-emissions’, ca. 76% of CO2 emissions incurred 
less in scenario one than in scenario two. Compared to scenario three, 57% more CO2 
emissions were incurred than in scenario one. 


5 Conclusion and Outlook 


Due to different usage patterns and environmental influences, the characteristics of 
remanufacturing of used products reflect a high uncertainty regarding the product state, 
the stochastic return time, and the amount of returned products. This complexity ulti- 
mately leads to fluctuating capacity utilization and throughput times and high opportunity 
costs and thus also directly represents a risk to the company’s success. 

Therefore, this study proposes a decision support tool based on a multi-method 
simulation model for PSSs’ (reverse) supply chain network design by identifying the 
optimal locations for recovery operations such as repair and remanufacturing. Based 
on the results obtained from the simulation model, the importance of determining the 
optimal locations for circular PSS business models is highlighted. In the considered 
scenarios for the Dutch market, scenario one with customers in Amsterdam performed 
most favorably. 

The findings of this study can serve as a basis for further research activities. In this 
paper, assumptions concerning customer behavior, e.g., subscription duration, usage of 
the washing machine, or buying behavior, were made due to a lack of publicly available 
market data. Furthermore, certain input parameters of the model proposed, such as 
inventory costs, transport costs, or labor costs, are constant over the entire lifecycle. 
A logical extension would be to relax the deterministic assumption of input data and 
develop stochastic optimization models. In general, it is to be noted that this study does 
not consider the success of the business model and the social impact. 

Also, a more efficient intelligent algorithm can be designed and compared with the 
presented algorithm to improve the optimization problem’s solution space. 
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In addition, further target figures for the future scenario could be introduced, such 


as qualification and education, wage and salary, and environmental protection. 
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Abstract. Industry and academia are both making efforts to realize a sustainable 
society; an important part of these efforts is to ensure the sustainability of the 
supply chains that support our daily life. Sustainable supply chains are more 
complex than traditional supply chains, and they involve a combination of multiple 
issues. Multiple plans must be used to deal with these issues. However, these plans 
often conflict with each other. To manage a sustainable supply chain, an integrated 
approach is needed to operate multiple plans for multiple issues. 

This paper introduces a research concept for integrated sustainable supply 
chain management using a multi-agent system. An agent executing a plan for 
an issue autonomously negotiates with other agents and avoids conflicts. Linear 
physical programming used for negotiation balances agents’ utility and ensures 
that all plans function well. Through this research, we provide an example of the 
simultaneous operation of multiple plans in a sustainable supply chain, aiming at 
the social implementation of sustainable supply chains. 


Keywords: Research concept - Decision making - Linear physical 
programming - Negotiation process 


1 Introduction 


In recent years, concerns about the depletion of natural resources and the emergence 
of environmental problems have heightened the need for sustainable production and 
consumption. In particular, the supply chain (SC), which is the basis of production and 
consumption, needs to become a sustainable supply chain (SSC) that is economically 
viable as a business while taking the environment into consideration. 

In a conventional linear SC, the amount consumed is directly related to the amount 
sold, resulting in a trade-off between the environment and the economy. Therefore, a 
typical example of SSC is the closed-loop supply chain (CLSC), which adds the process 
of collecting and reusing used products to the conventional SC. However, to operate the 
CLSC sustainably, it is necessary to deal with the problems associated with the uncertain 
recovery of used products, in addition to the demand fluctuations and other problems 
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associated with conventional SCs. This means that sustainable supply chain management 
(SSCM) requires more problem-solving capabilities than conventional SCM. 

SSCM has been an active field of research. Ghadimi et al. [1] studied the supplier 
selection and order allocation problem using multi-agent technology to make the supply 
chain sustainable. Takahashi et al. [2] proposed an adaptive pull strategy that changes 
the manufacturing and remanufacturing speed according to various inventory levels as 
a management method for SSCs. Other areas of research include the location routing 
problem for SSCs [3] and dynamic pricing of products according to reuse rates [4]. Thus, 
previous studies have focused on one phase of SSCs, such as maintenance, recovery, and 
remanufacturing, in addition to parts supply, manufacturing, transportation, and sales. 
However, when SSC is actually implemented, each of these issues is not independent of 
the other, and it is necessary to deal with problems that occur in combination. Goltsos 
et al. [5] argued that it was necessary to synchronize and coordinate the three planning 
processes of forecasting, collection, and inventory and production control to deal with 
the problems that arise in SSC. To implement SSC and realize a sustainable society, 
we believe that an integrated SSCM (ISSCM) is necessary to synchronize and link not 
only the three above-mentioned processes but also the SSCMs that are being developed 
separately at each stage. 

Synchronization and coordination of multiple SSCMs is not a simple task. For exam- 
ple, changing the manufacturing or remanufacturing speed will change the transporta- 
tion requirements. Changing the pricing of a product will affect the profit margins of all 
members of the SC. Since each SSCM is intended to solve a specific problem and the 
modeling assumes that other elements will be omitted to some extent, synchronization 
and coordination can cause various conflicts. SSCMs that ignore conflicts will find it 
difficult to deal with even a single issue, let alone multiple issues, leading to worsening 
environmental impacts and economic viability, as well as loss of sustainability. If the 
weight of each SSCM is unbalanced, the burden may fall on certain members, and the 
SC may fail. Therefore, a conflict-resolving negotiation process is needed to effectively 
synchronize and coordinate multiple SSCMs for multiple issues. 

This paper introduces the research concept of ISSCM using a multi-agent system. 
The manufacturers, retailers, collectors, etc., that make up the SSC are considered as 
agents, each with its own utility and freely changeable plan. Each agent makes planning 
decisions through inter-agent negotiation so that utility is not significantly impaired. We 
believe that using this system to provide an example in which all agents execute a plan 
to solve a problem while maintaining a certain level of utility will support the social 
implementation of SSC by real decision makers. 


2 SSC Model Construction Using a Multi-agent System 


2.1 Effectiveness of Multi-agent System for ISSCM 


A multi-agent system (MAS) is an autonomous decentralized system in which multiple 
agents are aware of their own environment and make decisions and act accordingly. 
In general, SCM is an approach that comprehensively manages all processes from the 
procurement of raw materials to the provision of products and services to customers, 
aiming to improve efficiency, and, therefore, MAS and SCM are not, at first glance, 
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compatible with each other. However, several studies have suggested combining SCM 
with MAS. Fox et al. [6] described an integrated SCM (ISCM) architecture that divides 
the operational level of SCM functions from the strategic level and handles each function 
in an integrated, rather than an independent, manner. Each function that makes up ISCM 
is executed by an agent, which makes decisions through coordination with other related 
agents. Fox et al. assumed an SC in which multiple functions interactively influence 
each other and employed MAS, an autonomous decentralized system, to manage them. 
Lou et al. [7] adopted MAS for agile SCM, which involves rapid reconfiguration and 
adjustment to the SC itself, rather than the traditional line-type SC. MAS, which is more 
flexible and adaptable than centralized systems, is suitable for agile SCM, which aims 
to keep changing the constituent companies and scale quickly and appropriately to the 
environment. 

Let us consider the characteristics of ISSCM. SSCs raise more issues than regular 
SCs because of factors such as recovery and remanufacturing. Since the ISSCM targeted 
in this study aims to deal with multiple issues at the same time, rather than a single one, it 
necessarily has multiple functions, requiring coordination between functions. In addition 
to demand forecasting, SSC involves the uncertainty of used product recovery, which 
requires flexibility and adaptability when considering how to deal with non-stationary 
demand and recovery. Therefore, this study will implement ISSCM combined with MAS. 


2.2 SSC Model Construction 


The modeling of SSCs subject to ISSCM is divided into two major steps (see Fig. 1). 
Step 1: Definition of the subject of the material flow 


Will new and remanufactured products be distinguished; how many echelon inven- 
tories will be assumed; and in what detail will attributes such as product quality be 
handled? In this way, the definition of the material flow for the target SSC is determined. 
This allows us to design a simulation model of the material flow. 


Step 2: Determination of the subject in the information flow. 


An agent is defined as an entity that receives information and manages the material 
flow. Each agent has the ability to recognize the state of its own environment and the 
simulation model and change the material flow it manages accordingly. For example, 
when an agent managing remanufacturers becomes aware of a high inventory of recov- 
ered products, it decides to increase the number of remanufactures so as to reduce the 
inventory of recovered products and increase profits. However, if the retailer receiving 
the remanufactured product has a large inventory, a conflict arises with the agent man- 
aging the retailer. Negotiations among agents are conducted to avoid such conflicts and 
to make each agent’s management functions work effectively. 


122 J. Koketsu et al. 


Information flow 


> 
| G Negotiation s 
> 
p > ° 
f | 
f | 
Agent-based model 
> = 
; 3 
S 3 
ká g 
Material flow 
— — \ A 
j 
r | Manufacturer | Wholesaler ~ Retailer | | 4 
4 | } E 
ee s m_e m - 
= 
| S Market 
|a 
ma 
S: | | 
| Remanufacturer Collector j 


Simulation model 


Fig. 1. Conceptual diagram of SSC model for ISSCM 


3 Agent Decision-Making Process Through Negotiation 


3.1 Suriawase Process 


One of the negotiated decision-making methods involving multiple negotiation partici- 
pants with different levels of utility is the Suriawase process [8]. In the Suriawase process, 
each negotiator presents their best plan as an initial proposal, and through repeated nego- 
tiations and goal reviews, a common alternative is developed that satisfies all negotiators. 
The procedure to be followed is shown below. 


Step 1: Each negotiator presents an initial proposal. 

Step 2: All negotiators share goals. 

Step 3: A solution is created from the given goals. 

Step 4: If the solution in Step 3 does not satisfy all negotiators, each participant revises 
the goals and returns to Step 2. 

Step 5: A final alternative is determined. 


There are two ways to share goals for alternative development. One is Point-based 
Design (PD), which presents only one reference value for the objective function to be 
pursued by the negotiation participants. The other is Preference Set-based Design (PSD), 
which presents multiple reference values as a set according to the preference level. This 
study’s negotiation design follows the model of a PSD to be conducted between agents 
by using the following method. 
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3.2 Linear Physical Programming 


In the Suriawase process, all participants negotiate with each other by presenting target 
values for their own objective functions. For successful negotiation, we focus on multi- 
objective optimization methods where the target value is given by each objective function. 
Goal programming (GP) [9] is known as a multi-objective optimization method. GP 
corresponds to PD in the Suriawase process. GP defines priorities for each objective 
and sets weighting coefficients. The optimal solution is obtained by calculating the 
separation of each objective from the ideal, considering the weighting coefficients, and 
minimizing the sum. However, it is difficult to set appropriate weighting coefficients in 
GP. For example, the optimal setting of the weighting coefficients for out-of-stock risk 
and excess inventory risk in SCM changes constantly depending on the situation. To 
address this weighting coefficient problem, this study uses linear physical programming 
(LPP) [10] as a negotiation method between agents. LPP is equivalent to PSD. LPP is 
characterized by its ability to derive weighted coefficients algorithmically by providing 
multiple target values and a preference range for each objective. This allows agents to 
derive weighting coefficients autonomously during negotiations. 

Figure 2 shows an example of transforming an objective function for a given objective 
into a preference function by setting a preference range with multiple target values. LPP 
aims to minimize the sum of the preference functions for each objective that shows the 
difference from the ideal. Another feature of LPP is the OVO (One vs. Others) rule. 
According to this rule, it is better for all preference functions to be equal than for one 
objective preference function to worsen and all others to improve. This ensures that the 
obtained solution is balanced by the preference function among all objectives. That is, 
by making the LPP objective the objective function of each negotiation participant, an 
alternative can be developed that satisfies all negotiators. 
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Fig. 2. Example of transforming objective function into preference function 
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3.3 Decision-Making Flow of Each Agent 


Figure 3 shows the decision-making flow of each agent. Each agent perceives the infor- 
mation (e.g., amount of inventory, expected deliveries, etc.) of the entities (manufactur- 
ers, remanufacturers, etc.) in the material flow that it manages. On this basis, it formulates 
an optimal plan that maximizes its own utility and shares the optimal plan with the agents 
involved in the plan. Agents whose utility falls below a certain level due to the plans of 
other agents negotiate with the causal agent to adjust their plans. If, after repeated nego- 
tiations, all agents have a certain level of utility, the plan is executed, and the simulation 
progresses for one period with each agent’s decisions reflected in the material flow. By 
repeating the above, it is possible to effectively combine ISSCM with MAS. 
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Fig. 3. Decision-making flow of each agent 


4 Conclusion 


This paper introduces the research concept of ISSCM using a multi-agent system. To 
implement SSC in the future, it is essential to operate multiple SSCM plans through 
an integrated approach, rather than independently. For each plan to operate efficiently, 
it is necessary to reduce the conflicts that occur among them. Therefore, this research 
concept aims to operate multiple SSCM plans simultaneously using LPP-based negoti- 
ation between agents. Through this research, we believe that we can support the social 
implementation of SSC by real decision makers by showing an example of execution of 
multiple plans for multiple tasks, while all agents maintain a certain level of utility. 
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Abstract. Currently, levels of production and disposal for communication devices 
such as smartphones are continuing to increase. In the life cycle of a smartphone, 
the majority of greenhouse gas (GHG) emissions are generated in the material 
production stage. To recover the GHG emissions from end-of-life (EOL) prod- 
ucts such as smartphones, manufacturers have to recycle EOL products. How- 
ever, smartphones on the market undergo little recycling because costs related 
to recycling, transportation, and facilities are very high. Therefore, the decision 
maker (DM) has to design a reverse supply chain network for collecting EOL 
products from users and transporting them to recovery or disposal facilities not 
only environmentally friendly but also economically feasible. This study applies 
a bi-objective reverse supply chain network design to material-based GHG vol- 
umes and related costs applying a multi-criteria decision-making methods as linear 
physical programming (LPP) to design a reverse supply chain network in the case 
of smartphones. First, the reverse supply chain network is modeled for recycling 
EOL smartphones, and a case study based on literatures and life cycle assessment 
are prepared. Next, the objective functions are set and formulated to minimize 
the total volume of material-based GHG volume and the total cost using LPP and 
integer programming. Finally, numerical experiments on the reverse supply chain 
are conducted and evaluated. 


Keywords: Reverse Logistics - Carbon Recovery - Multi-Criteria Decision 
Making - Life Cycle Assessment - Recycling 


1 Introduction 


At the present time, many communication devices such as smartphones are being pro- 
duced. According to a survey conducted by IDC, the number of smartphones shipped 
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worldwide reached 1.35 billion in 2021 [1]. Such large-scale product distribution is not 
only associated with significant economic benefits, but also has a major environmental 
impact. According to the research of SHARP [2], the CO2 emissions sometimes account 
for more than 90% of the CO2 emissions for electric products and home appliances in 
supply chains consisting of parts/materials manufacturing, assembly manufacturing, and 
logistics stages. Therefore, the CO2 emissions of original material production should 
be concerned, and the end-of-life (EOL) products should be recycled for a significant 
reduction in greenhouse gas (GHG) emissions by replacing new products with recycled 
ones [3]. 

Nevertheless, the smartphones currently on the market undergo very little recycling. 
For example, the smartphone recycling rate is only 17% in Japan [4]. This fact means 
that most of the smartphones are not recycled. One of the reasons for the low recycling 
rate is that manufactures require the additional costs such as recycling, transportation, 
and recovery facility costs to construct the reverse supply chain network. The costs of 
reverse supply chain are based on the network configuration, and the company decides 
the network for reducing costs. When the reverse supply chain network is changed, the 
amount of recycling or disposal EOL products is also changed. One of the reasons is that 
the recycling EOL smartphones is a difficult challenge because the material composition 
of these devices is complicated. It includes valuable metals that can be recycled but also 
plastics with no recycling value. The selling prices obtained from recycled materials 
are different depending on the material type. This makes it difficult for decision-makers 
(DMs) at manufacturers to design a reverse supply chain network that takes into account 
the costs associated with recycling processes (e.g., collection, disassembly, and trans- 
portation), and the prices (value) of each recycled material. Furthermore, recycling more 
EOL products and reducing cost for the reverse supply chain are in a trade-off relation- 
ship. Therefore, the DMs need to design a reverse supply chain network [5] that is not only 
environmentally friendly but also economically feasible by performing a complicated 
profit and cost calculation. 

Thies et al. [6] reviewed 142 papers on sustainably assessment related products 
applied operations research. They showed more than 50% literatures used multi-criteria 
decision making methods. However, they concluded that there were few attentions for 
using the model of operations research to sustainability assessment of products. Aldoukhi 
and Gupta [7] designed a global closed-loop supply chain considering to minimize total 
cost a carbon emission and to maximize service level of retailers. However, they did not 
consider materials such as plastic and aluminum obtained from recycling EOL products. 
In an effort to evaluate GHG emissions from smartphones, Joshi et al. [3] investigated the 
GHG emissions caused by a smartphone over all its life stages. However, the economic 
efficiency of the reverse supply chain network was not evaluated. 

In order to consider both GHG emissions and economic efficiency, Ijuin et al. [8] 
have applied linear physical programming (LPP) [9] to a reverse supply chain network in 
the case of vacuum cleaners. LPP is one of the multi-criteria decision-making methods 
that enable us to not only optimize the network taking into account the trade-off problem 
between GHG emissions and economic efficiency, but also to determine weights among 
objective functions by applying the LPP weight algorithm. According to Jjuin et al. [8], 
one of the benefits is that LPP can find one satisfied solution among multi objective 
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functions such as the minimizing total cost and total GHG emissions based on the 
preferences of the DM with a lower number of experimental trials. The limitation of 
the LPP approach is that alternative and multiple results from pareto solution cannot be 
obtained to see the trade-offs. 

On the other hand, while smartphones are composed of different components, they 
are usually made in a single country, but the sourcing country for the components varies 
from smartphone to smartphone. Since the GHG emissions of components and devices 
in production differ among countries [10], the GHG emissions associated with a par- 
ticular smartphone are different depending on the country. Therefore, the differences 
in the reverse supply chain network should be considered in relation to the country 
manufacturing the components. 

This study applies a bi-objective reverse supply chain network design to the GHG 
volume and costs using LPP for the case of smartphones. First, the reverse supply chain 
network is modeled for recycling EOL smartphones, and a case study based on literatures 
and life cycle assessment (LCA) are prepared. Next, the objective functions are set and 
formulated to minimize the total GHG volume and the total cost using LPP and integer 
programming. Finally, numerical experiments on the reverse supply chain are conducted 
and evaluated. 


2 Model and Formulation 


2.1 Model 


Figure 1 shows the reverse supply chain network modeled for recycling EOL smart- 
phones. Similar to Ijuin et al. [11], the model consists of collection centers G, recovery 
facilities R, and disposal facilities H. 

In the collection center g (€ {1,..., |G|}), EOL smartphones are collected with the 
status k(€ {1,...,|K|}). The status k determines the GHG recovery weight GHG and 
the recycling cost cre for recycling. The GHG recovery weight GH GÈ refers to the GHG 
recovery amounts during the recycling stage. The recycling cost ce is the difference 
between the cost incurred for disassembly of the EOL product and the sales revenue 
made from the sale of the recovered materials. 

The EOL smartphone with status k is transported from collection center g to the 
recovery facility r(€ {1,..., |R|}) or disposal facility h(E {1,..., |H|}, with a trans- 
portation cost of Gy and one respectively. These transportation costs are determined 
by the distance between the collection center g and recovery facility r, or g and the 
disposal facility h. In the recovery facility r, the smartphone with status k is recycled 
with a recycling cost Ce This is the cost to disassemble the EOL smartphone and 
takes the sales price of the recycled smartphone into account. When the smartphone is 
recycled, the amount of GHG volume is also reduced proportional to weight GHGR. In 
the disposal facility h, there are no recycling costs or recovery of GHG emissions. 


2.2 Variables and Parameters 


Based on [juin et al. [11], the GHG volume TGHG and the total cost TC as objective 
functions are set using integer programming [12]. The number of products with status k 
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Collection center g = | Recovery facility r = 1 


Transportation cost to 
recovery facility : gre 


Recovery GHG weight GHGR 
Status Capacity : oe 


Total capacity Qn Q 
Opeing facility cost CFC 


Recovery facility r = |R| 


Recovery GHG weight GHGE 
Status Capacity : ne 


GHG emission [g-CO2 eq] 


Total capacity sgn 
Opeing facility cost CC 


Disposal facility h = 1 
= Without cost and GHG recovery weight | 


Disposal facility h =|H| | 
Without cost and GHG recovery weight 


Transportation cost to 
disposal facility : eas 


Fig. 1. Reverse supply chain network model in the case of smartphones. 


transported from the collection center g to the recovery facility r and the disposal facility h 
is represented by Vgrk and Vgnx, respectively. The binary value u, is the decision variable 
to open a recovery facility r. Total cost TC is calculated by using the transportation 
numbers Verk and vgk, and the decision variable to open recovery facilities. The number 
of collected EOL products at collection center g is represented by ar? while the number 
of products with status k and recycled at the recovery facility r is represented by x,,. 

The total cost TC is calculated by summing the recycling cost CR, transportation 
cost CKC and, Ce for an EOL product, and the cost for opening recovery facility CFC 
in the reverse supply chain network as shown in Eq. (1).The total GHG volume TGHG 
is calculated by subtracting the GHG recovery weight of a product with status k GHG 
and GHG emissions GHG®, which is the GHG emissions weight in the manufacturing 
stage as shown in Eq. (2). 


G R K G H K 
TC = eee J reR Dake (ae T ce) Verk + pac J heH DokeK Cin Vghk (1) 


R 
+) eR Cie 
_ G E,cQ R K R 
TGHG = ) eG GHG Q; — ) = J Tek GHG, Xkr (2) 


To apply LPP [9] to a reverse supply chain network, two objective functions, related 
to the total material-based GHG volume TGHG and total cost TC, are aggregated into a 
single function as shown in Eq. (3). Each objective function i is divided into five limits 
tis (s= 1, 2, 3,4, 5), where, based on the divided ranges, six ranges referred to as “Ideal” 
(Under 1;',), “Desirable” (tf) ~ tfo), “Tolerable” (f, ~ t73), “Undesirable” (tf3 ~ 
i4) “Highly Undesirable” (e, 47 tis), and “Unacceptable” ( Over t 5) are decided. In 
Eq. (3), we is the weight parameter for objective function i and range s based on each 
limit ae The regression value for all objective functions is multiplied by the deviation 


= 


Designing a Reverse Supply Chain Network for Smartphones 131 


d} and weight parameter we for each objective function. 


~ + + . 
Be ae {2,3,4,5} Wi, sdis > min (3) 


As the first objective function, the 1st deviation d} T , Of the total cost TC is determined 
under the constraint Po (4), where the total cost TC needs to be lower than the limit 
of unacceptable (Over ty Ta), as shown in Eq. (5). In the literature of LPP definition [9], 
the constraint of the derivation is mentioned as “s = 2,..., 5”. Equations (4) and (6) 
evaluate the difference among each objective function and aspiration levels. Since s = 
1 means the aspiration level of ideal representing best solution range, the difference of 
each objective function is not required to be evaluated. 


(CO Ea, ep OSD cag (4) 


TC 2 tiz (5) 


As the second objective function, the 2nd deviation dj. for the total GHG volume 
TGHG is determined from the constraint Eq. (6), ques the total GHG volume TGHG 
needs to be lower than the limit of unacceptable a 5» as shown in Eq. (7). 


TGHG — d$, < t1 PSDs 8 (6) 


TGHG < tj. (7) 


3 Case Study 


To design a reverse supply chain network for collecting and recycling smartphones using 
LPP, following assumptions are prepared based on the study of [juin et al. [11]. 


e Product example and global material scenario 


— Ina material manufacturing stage, types and weight of materials are assumed within 
a smartphone based on a survey and material-based GHG emissions visualiza- 
tion tool [13]. There are mainly four materials contained in the products [14] as 
follows: copper (Cu), ABS, glass, and a lithium ion battery (LIB). By using the 
material-based GHG emissions visualization tool developed by Umeta et al. [13], 
GHG emissions when manufacturing the materials depending on countries within 
smartphone’s components are estimated by life cycle assessment [15]. 

— As global material scenarios, there are two global scenarios are assumed and 
compared depending on material manufacturing country as follows. 

Scenario 1: Materials within components of a smartphone are manufactured 
in country A, where material-based GHG emissions are lower while procurement 
costs are higher than them manufactured in country B. 

Scenario 2: Materials within components of a smartphone are manufactured in 
country B, where material-based GHG emissions are higher but procurement costs 
are lower than them manufactured in country A. 
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— In recycling stage for an EOL smartphone, three product statuses are assumed for 
their GHG recovery volume GHG and recycling cost CrS, as shown in Table 1. 
The recycling cost ce is the difference between the disassembly cost and the sales 
revenue of the recovered material. 


e Reverse supply chain example 


— Similar to Jjuin et al. [11], it is assumed that there are two collection centers (G = 
{1, 2}), three recovery facilities (R = {1, 2, 3}) and one disposal facility (H = {1}) 
as an example of facilities. 

— Each collection center has 3,000 EOL smartphones with each status (K = {1, 2, 
3}), thus, total 9,000 (oS? = 9,000) EOL products exist. Each recovery facility 
has recyclable EOL products depending on the EOL product status. 


Table 1. Recycling cost and GHG recovery volume for each status 


Status k € K GHG recovery volume Recycling cost CRE [Yen] 
GHGR [g-COzeq] 
Country A Country B 

k = 1 Recycling all components | 53,121 77,252 269.90 

k = 2 Recycling Cu and LIB 53,085 77,198 169.88 

components 

k = 3 Recycling Cu 90 113 72.87 

components 

4 Result 


To evaluate the values of total GHG volume TGHG and total cost TC for a reverse supply 
chain network design, a numerical experiment is conducted using the LPP developed in 
Sect. 2 for the two scenarios described in Sect. 3. 

Figure 2 shows the result of the total GHG volume and total cost on countries A and 
B in the case of smartphones, while Table 2 represents the obtained aspiration level for 
each objective function. In the case of country A, GHG emissions for components are less 
than the GHG emissions in country B. Even if all EOL products having status 1 are not 
recycled, the aspiration level for the GHG volume became “Tolerable”. Therefore, since 
recovery facility 1, which can recycle EOL products having status 1, is not operating, the 
preference level of total cost came within the “Desirable” range. In the case of country 
B, due to the opening of recovery facility 1, the total cost is by 94% higher than one in 
country A. However, the GHG volume in country B is by 8% lower than one in country 
A. 
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Additionally, the total transportation cost between countries A and B is different as 
shown in Fig. 2. Since material-based GHG emissions for the products manufactured 
in country B are higher than ones in country A, a larger number of the EOL products 
manufactured in country B should be collected and recycled to increase the total GHG 
recovery volumes. However, due to the production capacity at each facility, some of 
the EOL products manufactured in country B should be transported to a far recovery 
facility for recycling. Therefore, the transportation and recycling cost for the smartphones 
manufactured in country B become higher by 65% and 96%, respectively, than ones in 
country A. 
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R 
60,000 600,000,000 ð 
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Fig. 2. Result of the total GHG volume and total cost on countries A and B 


Table 2. Aspiration level for each objective function for countries A and B 


Country A Country B 
Objective function Value Aspiration level | Value Aspiration level 
Total cost TC [Yen] 3,382,400 | Desirable 6,499,900 | Tolerable 
Total GHG volume TGHG | 637,679,000 | Tolerable 586,204,000 | Tolerable 
[g-COzeq] 


Regarding the EOL product having status 1, 74% (4,416 out of 6,000 EOL smart- 
phones having status | are recycled) of EOL products manufactured solely in country 
B are recycled. One of the reasons is that the GHG emissions of a product GHGF in 
country B are by 45% higher than ones in country A. All EOL products having status 2 
are recycled in the recovery facility 2, which is closer from collection centers than the 
recovery facility 1. For EOL products with the status 3, only those near the recovery 
facility 3 are recycled from the collection center, and the others are disposed of. 
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5 Conclusion 


This study applied a bi-objective reverse supply chain network design to the GHG 
volume and costs applying LPP to the case of smartphones. For EOL smartphones, it 
was found that the EOL products with high GHG emissions should be transported to a 
far recovery facility for recycling. One of the managerial insights is that the products 
manufactured in the country with low GHG emissions are economical than ones in the 
country with high GHG emissions when considering the recycling stage. Regarding the 
reverse supply chain network, the EOL products need to be recycled in a nearby facility 
due to transportation costs. 

Future studies should consider recycling mixed products in a reverse supply chain 
scenario and measure the reverse supply chain network by using net present value (NPV). 
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Abstract. The development of innovative cooling lubrication strategies is signifi- 
cantly driven by the need to machine materials resistant to high temperatures while 
taking into account both ecological and economic aspects. Cryogenic minimum 
quantity lubrication (CMQL) represents a compromise satisfying both efficiency 
and sustainability in the manufacturing process. A minimal amount of oil is added 
to the cryogenic medium carbon dioxide (CO2) to ensure both cooling and lubrica- 
tion during tool engagement. In this context, vegetable oils, so-called triglycerides, 
can be used with respect to the cooling lubrication concept. The aim of this paper 
is to analyze various bio-based oils with regard to their solubility, spraying and 
flow behavior and to investigate the influence of additives on the performance. 
During the lubrication tests, the additives have shown no influence on the lubri- 
cating effects. Thus the chemical properties of the base oils primarily influence 
the properties with regard to solubility and spray behavior. Finally, the collected 
results were correlated with machining tests showing only a limited correlation 
with the aforementioned lubrication tests. 


Keywords: CMQL - Milling - Liquid carbon dioxide - Bio-based lubricants 


1 Introduction 


In order to meet the growing demands on machining in the form of cutting high- 
temperature steels and alloys in the future, cooling lubrication is a central point of 
reference. Since conventional cooling lubrication strategies have a negative impact on 
economic and ecological factors as well as on the health of the user, CMQL adds a 
minimal amount of oil to the cryogenic medium COz in order to ensure not only cooling 
of the contact zone but also sufficient lubrication. The CO2, which has a nozzle outlet 
temperature of T = —78.5 °C, can be combined with bio-based oils, for example with 
triglycerides. To optimize the tribological properties of these bio-based oils, they can be 
mixed with additives. In order to become aware of the properties of the two media CO2 
and oil on the way to the tool cutting edge, selected lubricant tests will be carried out in 
this study. A possible influence of the lubricant additives sulphur and phosphor on the 
sprayability and solubility of the lubricant will also be investigated. 
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2 State of the Art 


This chapter provides a brief overview of the state of the art on bio-based lubricants and 
their additives. Furthermore, the solubility of bio-based oils in CO% and their benefits 
for CMQ are discussed in more detail. 


2.1 Bio-Based Lubricants 


Biological lubricants are a sustainable alternative to mineral-based end products. Accord- 
ing to DIN 1607, the proportion of renewable raw materials in a lubricant must be at least 
25 percent to qualify as biological. Furthermore, the biodegradability of the lubricating 
oils must be more than 60 percent, which is positively influenced by short carbon chain 
lengths, for example. In addition, it is possible to add toxic additives to bio-based oils, 
which do not correspond to a biological origin [1, 2]. 


2.2 Characterization of Lubricant Additives 


Extreme pressure (EP) additives and anti-wear (AW) additives are the most relevant 
representatives of additives that act chemically on the surface. These additives consist on 
the one hand of a polar component, which actively contacts the surface of the workpiece, 
and on the other hand of a carbon chain, which determines the solubility of the additive 
in water [3]. 

EP additives were specially developed for applications involving high temperature 
and pressure ranges and form an additional lubricating film in the contact zone by 
means of chemical compounds. AW additives also bind chemically to the molecular 
structure of metallic surfaces and thus form a stable protective layer, which prevents 
premature wear [4, 5] . In the context of this publication, the two components sulphur 
and phosphor are added to the biological base oils and in addition, chlorine or solids are 
also typical lubricant additives. Sulphur belongs to the category of EP additives, whereas 
phosphor corresponds to an AW additive. The various components in the additives each 
have specific temperature ranges, referred to as activation temperatures, in which they 
reliably reduce friction within the contact zone. Accordingly, sulphur is active in the 
temperature range between 500 °C and 1000 °C, whereas phosphor effectively reduces 
friction between 200 °C and 900 °C [6, 7]. 


2.3 Solubility of Bio-Based Lubricants in CO2 


In order to be able to understand the processes during the joint feed of the media CO2 
and bio-based oil, the solubility of the two media is relevant in the case of a one- 
channel CMQL-system. In general, the interaction between the molecules, the so-called 
polarity, is decisive for the solubility. Accordingly, polarity describes a charge shift 
within a molecule, which in the case of polar substances leads to a permanent spatial 
charge separation in the form of continuously acting dipoles. In summary, it can be 
stated that polar substances dissolve well in polar solvents and, conversely, non-polar 
substances dissolve well in non-polar solutions. In addition to polarity, temperature also 
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influences the solubility behavior. High temperatures promote the solubility of solids 
and liquids, but reduce the solubility of gaseous media in liquid substances. Depending 
on the thermodynamic state variables pressure p, temperature T or volume V, the state of 
the mixture can be determined as a function of the mass fractions involved. In addition 
to a homogeneous mixture, a miscibility gap usually occurs at certain mass fractions 
and temperatures. If this is the case, the two media are present as separate phases in a 
heterogeneous mixture [8]. 

The dissertation by Jörg Fahl can be mentioned as basic research in the field of 
solubility of various lubricants in CO2. He recognized that the mixing behavior of the 
two media oil and CO3 is influenced not only by polarity and permittivity (polarizability) 
but also to a large extent by the structure of the lubrication oils [9]. 

In his publication «Media Flow Analysis of Single-Channel Pre-Mixed Liquid CO2 
and MQL in Sustainable Machining», Grguras describes the application-related inves- 
tigation of two lubricants (non-polar and polar) with regard to solubility in CO . The 
non-polar oil dissolved better in LCO) than the polar oil. Also, smaller droplet size after 
nozzle exit could be observed with the non-polar lubricant [10]. 

In previous studies of the REP chair, the influence of ten bio-based base oils on 
sprayability and solubility with CMQL has already been investigated with the help of 
specially developed high-pressure cells. It was shown that the solubility is not determined 
by the polarity alone [11]. 


2.4 CMQL with Bio-Based Lubricant 


CMQL represents a combination of cryogenic cooling and minimum quantity lubrication 
technology. CO2 is used as the cryogenic medium in this investigation. Together with 
LN2, CO represents the most common cryogenic media in machining. The starting 
point of CO% for CMQL is in riser bottles in which a pressure of p = 57.3 bar and room 
temperature prevails. This condition is below the critical point on the vapor pressure 
curve. Consequently, both liquid CO2 (LCO2) and gaseous CO2 can be identified within 
the feed line. During nozzle exit, another cooling effect occurs, which is known in science 
as the Joule-Thomson effect. This is based on the expansion of a throttled gas whereby 
the CO, further loses temperature. [12]. 

In order to be able to feed the bio-based lubricant and the cryogenic medium CO? 
to the processing zone in a single channel, a CMQL mixing unit was developed in 
2015 at the REP department, which enables a single-channel hybrid supply of the two 
media. In his publication «Milling of Ti6A14V with carbon dioxide as carrier medium 
for minimum quantity lubrication with different oils», Gross investigated eight different 
oils in single-channel application with CO}. In addition to fatty alcohols, mineral oils, 
synthetic and natural esters were also used. With vegetable and natural esters, the longest 
tool life was achieved with CMQL [13]. The investigations on the use of bio-based oils 
for CMQL were continued in detail at the REP Chair and the influence of the oils and 
their additivation on drilling, milling and turning of stainless steel and roller bearing steel 
is examined. There is high potential in the use of natural esters for CMQL compared to 
conventional flood cooling with regard to tool life, wear and forces [14, 15]. 
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3 Experimental Setup 


In this chapter, the experimental setup for the solubility and sprayability tests is described. 
Furthermore, the CMQL system used and the oils investigated are explained. 


3.1 CMQL-System and Oils 


The CMQL system, developed at the REP, consists of an HPLC pump (oil flow regu- 
lation), a coriolis sensor (CO, flow measurement) and an oil reservoir and operates at 
approx. 57 bar. It is described in «Hybrid supply system for conventional and CO2/MQL- 
based cryogenic cooling» [16]. In course of this lubricant investigations, 17 additivated 
test oils are compared experimentally. Eight base oils form the basis for the various 
additivated configurations. The base oils can be assigned to the groups: hydrocarbons 
(KW), natural esters (NE) and synthetic esters (SE). The natural esters used consist of 
rapeseed, coconut and sunflower oil. For additivation, the base oils are mixed with var- 
ious proportions and types of sulphur and phosphorus additives. Table 1 (right) lists the 
additives involved. If a certain component of the additive is crossed twice in a column 
of a test oil, this indicates that two different variants of additives, based on the identical 
ingredient, are contained. The comparison of the additivated oils with the respective base 
oil from Table 1 (left) allows to identify the influence of the additivation. 


Table 1. Characterization of base oils (left) and additivated oils (right) 


ee chemical RRM content fanaa chemical additives 
structure (Renewable Rawmaterial) structure sulphur _ phosphor 

KW 02 hydrocrackoil 0% KW 0201 hydrocrackoil x 
KW 01 renewable 75 - 99 % KW 0101 renewable XX X 
NE 01 100 % NE 0101 XX x 
NE 02 triglyceride 100 % NE 0102 X x 
NE 03 100 % NE 0103 x 

SE 01 aoned 75-99% NE 0201 x 
SE 09 >50 % NE 0202 x x 
SE 11 ester unknown NE 0203 triglyceride x x 
SE: synthetic ester KW: natural hydrocarbon NE 0204 XX x 
NE: natural ester NE 0205 XX x 
NE 0206 XX XX 

NE 0301 x 
NE 0302 x X 
SE 0101 x x 

SE 0901 monoester x 
SE 0902 x x 

SE 1101 ester x 


3.2 Solubility and Sprayability 


With the aid of high-pressure view cells developed at the REP Institute, it is possible to 
investigate the solubility during a single-channel supply of the two media oil and CO? in 
static and dynamic state. For the visualization of dynamic miscibility and flow behavior, 
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the high-pressure view cell is used and investigated in a coupled experimental setup with 
the free jet nozzle for the investigation of the sprayability. 

The static cell has a volume of V = 1 ml. The sight glasses mounted on both sides 
allow observation and documentation of the solubility behavior within the cell. Figure | 
(left) shows the experimental setup, as well as a detailed view of the chamber. For the 
experiment, the cell is filled with Voi) = 0.2 ml and the remaining volume consists of 
Vico2 = 0.7 ml and an estimates gaseous fraction of Vco2 = 0.1 ml based on a filling 
line. A separation layer between liquid and gaseous CO? confirms the existence of the 
two phases. To accelerate the dissolution process, the cell is shaken after filling for 10 s. 


static solubility tests dynamic solubility and spray pattern tests 


static high-pressure os 
mixing chamber: gue 


dynamic solub ility spray pattern 
camera Keyence VW9000 Photon FASTCAMSA-Z 
exposure time 1900 000 s 1/800.000 s 
frame rate 10.000 fpe 40.000 fps 
resolution 640x 192 pixel 1024 x 512 pixel = 2 n 
lighting front view luminaire LED lamp from behind CO; supply high-sped comera 
recording time ca.lSs 0,05 s (2000 images) and | t chi ` keyen 
slow motion x 666 x 1000 


Fig. 1. Experimental setup static (left) and dynamic solubility and spray pattern test (right) 


This combination of the dynamic solubility and the spray pattern test results in an 
increased significance of the test results, since the sprayability can be directly related to 
the flow behavior in the dynamic cell. Figure 1 (right) illustrates this test setup. Both sub- 
tests are documented with separate high-speed cameras. The parameters are summarized 
in Fig. 1. The nozzle outlet diameters are also varied (dj = 0.2 mm/0.3 mm). 


4 Results 


Finally, the results of the solubility and sprayability studies are described. After that, the 
results are correlated with tool life tests of a milling process. 


4.1 Solubility and Sprayability 


Complete solubility of the synthetic esters is observed in the static cell. Furthermore, a 
partial solubility of selected oils in LCO, or no solubility of the two media in each other 
can be observed. Figure 2 (left) compares the three observed states. With the exception 
of SE 1101, all synthetic esters dissolve completely in LCO2. The additivation of the 
base oils does not seem to exert any direct influence with regard to solubility. The 
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corresponding base oil is always placed in the identical category as the additivated 
configurations. The results from the test series with the dynamic cell are characterized 
by a specific phenomenon: for the test oils based on rapeseed and sunflower oil, a slower 
laminar boundary flow of oil was observed when the test was carried out with the nozzle 
dj = 0.2 mm. The boundary flow has a sawtooth shape and the tips are carried along 
impulsively by the passing main-flow. The additivation has no effect on this, since it 
occurred with identical intensity when using the related base oil. It can be stated that the 
test oils with the highest dynamic viscosity are also involved in this phenomenon. 

During the tests with the nozzle dj = 0.3 mm, no boundary flow was observed with the 
lubricants concerned. Thus, it appears that not only the viscosity determines a boundary 
edge flow but also the flow velocity. The velocity can be increased from approx. v = 
1 m/s to approx. v = 2.5 m/s by changing the nozzle. Figure 2 (right) compares two 
exemplary flows for the test with the free jet nozzle dj = 0.2 mm. 
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Fig. 2. Results of solubility and spray pattern investigation 


The collected data can be used to classify the main jet length and the uniformity of the 
spray pattern for the various lubricants. Furthermore, the formation of mist behind the 
jet and large visible oil droplets can be used to draw conclusions about the atomization 
capability of a lubricant. A direct correlation between the previously discussed boundary 
flow in the dynamic cell and the large oil droplets falling sideways in the free jet can 
also be established. The oil drops, deposited at the boundary in the dynamic cell, do 
not mix sufficiently with the main-jet after impulsive entrainment by the main-jet up to 
the nozzle outlet and because of this the oil droplets fall off laterally after the nozzle 
outlet. Consequently, this phenomenon could not be observed in the free jet test with 
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nozzle with di = 0.3 mm, since no boundary flow could be detected in the cell, it can 
be assumed that the flow velocity is a decisive factor for the formation of the laminar 
boundary flow. It repeatedly becomes clear that also with regard to the observations in 
the spray pattern test, no concrete influence of the additives can be determined. 


4.2 Correlation with Milling Process 


In general, it can be determined that the bio-based lubricants in combination with CMQL 
provide a better result than the reference test with emulsion (MWF) and flood cooling. 
Figure 3 shows the tool life diagram for a correlation of the lubricant tests with the 
machining series performed. For each additivated lubricant, the tool life achieved with 
the corresponding base oil is shown in yellow. 
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Fig. 3. Cutting length for CMQL Milling 


The effectiveness and influence of the additives, on the other hand, cannot be clearly 
clarified for this process. For example, in the case of sunflower oil, a higher tool life 
could be achieved with the base oil (NE 03) than with the additivated configurations (NE 
03(xx)). A correlation with the lubricant tests can also only be established to a limited 
extent. Exemplarily, the complete solubility of the synthetic esters in the static view cell 
does not seem to exert any direct influence on the effectiveness during machining. Thus, 
in the case of the synthetic esters, the polarity of the lubricant can also be discussed. This 
turns out to be slightly polar or polar for the lubricants treated in this study. Accordingly, 
a better solubility of non-polar lubricants in LCO? cannot be confirmed. With regard to 
machining, the solubility of the lubricant used in CO2 generally does not appear to have 
any effect on the performance of the machining process. 
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5 Summary 


Hydrocarbons (KW 01(xx), KW 02(xx)) partially dissolved in CO2. With the help of 
additives, the result could be improved for milling with external cooling. Natural esters 
based on rapeseed oil (NE 01(xx)) and sunflower oil (NE 03(xx)) provide an inten- 
sive oil application and, at low flow rates, exhibit a boundary flow of oil deposited at 
the edge in the dynamic cell. In contrast, lubricants from the less viscous coconut oil 
(NE 02(xx)) atomize very intensively. The investigated synthetic esters (SE 01(xx), SE 
09(xx)) atomize just as intensively and also exhibit complete solubility in the static cell. 
A direct influence of the results of the spray and miscibility tests on the machining could 
not be determined. However, when using CMQL and especially when using bio-based 
lubricants, the selected process and cooling lubrication parameters have a significant 
influence on tool life in machining [15]. 
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Abstract. Hot forging processes and process chains provide components, which 
meet highest demands due to mechanical properties. A wide range of applications 
in different industries like oil and gas, automotive and aviation are based on such 
processes. As those processes are very productive unfavorable process conditions 
and unnecessary reject or rework are a strong issues and still not solved for indus- 
trial scale production. One key challenge is to generate geometrical information 
of the workpiece. The geometrical characterization of hot forged parts is usually 
carried out in cold condition resulting in an extensive time delay to processing. 
Information about the part geometry during processing and right after process- 
ing — in hot condition -- is not accessible. An approach to address this are radar 
based measuring systems. Those systems have specific characteristics like suf- 
ficient accuracy and robustness which qualifies them for measuring tasks under 
rough conditions typically occurring during forging processes. In the paper, differ- 
ent use cases for the application of radar-based measuring systems are identified 
and analyses based on laboratory scale experiments. 


Keywords: Radar based measuring system - Hot forging - Measuring under 
rough conditions 


1 Introduction 


This paper presents a systematic analysis of the potential using radar based sensors 
respectively systems to acquire geometric work piece data in hot forging processes. 
These processes should be more sustainable designed in the future. The focus criterion 
there is resource efficiency. Valid data is the basic requirement to optimize processes. 
Integrated data based optimization has the potential to: a) increase in material efficiency 
- detection of trends and quality defects; b) increase in efficiency and objectivity in heat 
measurement c) tighten tolerance of process windows and dimensions d) reduce of raw 
material mass and temperature e) increase transparency through data collection. 

In hot forging, components with a high level of geometric complexity and highest 
demands on mechanical properties are produced. Forged parts are usually measured 
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after processing in room temperature. Hence, defect parts are identified after complete 
manufacturing only. Up to recognizing an error in the process, for example systematic 
ones (die shift, tool wear, etc.), large quantities of rejects are produced and unnecessary 
additional costs caused. A high potential for industrial relevant component recognition 
and error detection is the application of radar-based sensor systems. The sensors are 
characterized by thermal robustness and are able to record the geometry - over time - 
even in the high-temperature range. These data can be enriched e.g. with temperature 
information of the forgings. 

Various solutions are available for detecting products in manufacturing processes. 
Depending on the application and the required accuracy, inductive proximity sensors, 
mechanical tactile solutions, laser-based or optical systems are used. In the forging indus- 
try, these solutions usually could not be used effectively due to the requirements and 
boundary conditions such as cycle times, thermal radiation and possible contamination 
of the room air with dust and vapors. Other systems focus on measuring the component 
after forming. Therefore, a hot measuring cell demonstrator based on laser technology 
is suitable. In principle, the use of laser sensor systems is established for the geometric 
characterization of warm components. There is a need for encapsulation of the sensors 
and shielding of the component environment from external influences. Contamination 
of the optics by dust e.g. However, dust and water vapor, for example, are also unfavor- 
able for the laser-based measuring systems. In addition, the costs of these systems are 
relatively high. 

Radar based technology has been significantly simplified. As a result, radar tech- 
nology could expand into non-military areas. Radar sensors are increasingly being used 
for industrial purposes. Distance sensors based on the frequency-modeled continuous 
wave method (FMCW)are used for production monitoring and quality control [1] Recent 
developments show that radar-based sensor systems are suitable for thickness and width 
measurement when used in rolling mills. Therefore integrated, housed sensors like shown 
in Fig. 1 are developed. This sensor is based on a SiGe radar chip (SiGe = silicon- 
germanium). The core component of the radar sensor is the circuit board. A shielding 
body and a dielectric lens are attached to this circuit carrier. The Data interface is Ether- 
net based. The first pilot plants are operating with reliable measurement results. Other 
trends are MIMO radar systems (Multiple-Input Multiple-Output) for imaging radar 
applications as well as imaging radar with rotating sensors, e.g. SAMMI 2.0/3.0 [2]. 


2 Procedure and Methods 


As the goal of the performed work is to identify and verify the potential of radar based 
measuring systems the following steps are prepared and presented: 1. Identification 
of relevant use cases in industrial scale (for forgings and preforms); 2. Derivation of 
scenarios which represent the use cases; 3. Design and setting up of measurement setups; 
4. Testing and analysis. A systematical screening of possible applications carried out 
at different representative process chains is the basis for the application scenarios. As 
representative processes respectively process chains are the forging processes of gears, 
of driveshaft flanges, of rings, and of free forged components. The measuring could be 
performed before, during and after processing. In a next step the identified use cases 
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are clustered and due to similarity of the measuring task summarized into four different 
scenarios. Table | shows the identified scenarios. 


Table 1. Use Cases and scenarios 


Szenariol Szenario 2 Szenario 3 Szenario 4 
>>Position<< >>Distance<< >>Lines<< >>Surface<< 
Position of component Thickness measuring Measure radii Underfil 
Position of tool Spigot length detection | Web contour Wear 
(offset) 
Characterize Diameter of Tool offset (part 
surfaces/openings components based) 


Scenario 1 >>Position<< is designed to investigate and detect a position of a 
hot semifinished on the tool and the tool position as well. Those use cases address the 
verification of specimen positioning especially in hand-guided processes, setup processes 
and tool monitoring. Scenario 2 >>Distance<< relates to measuring of thickness of 
distinct spots respectively areas, the aspect of spigot length and the aspect of surface 
and opening detection. Scenario 3 >>Lines<< is based on movement of the sensor 
relatively to the specimen. It addresses the aspect of radii, the web contour and the 
diameter detection of components. Scenario 4 >>Surface<< is designed to detect 
underfil, wear and tool offset by reconstructing a full body of the forged component. 
For the laboratory analysis scenario | to 3 are selected as scenario 4 is at the time 
not adequately realizable. For the experimental analysis sensors which are successfully 
applied in hot rolling applications (hot sheet rolling) have been selected. The selected 
sensor are MS 122-1 FMCW radar from Mecorad like shown in Fig. | (left). 

The experimental setup used for the investigation of scenario 1 and 2 is depicted in 
Fig. 1. The main components are two sensors, an NC-milling machine (used for posi- 
tioning) and an oven. The setup is designed to move the sample in x and y direction. 
Positioning is determined by the machine control. The calibration of the setup is per- 
formed with a distance of app. 1000 mm in x-direction and 2000 mm in y-direction. 
The change of position is realized in three different increments, in separate series of 
measurement. Used increments are: 1 mm, 0.2 mm and 0.5 mm. 

Figure 1, right shows the two used specimen and the placement of the specimen on 
the machine table in hot condition. For thermal decoupling an insulating panel is used 
for initial positioning mounting fixtures are implemented. In hot condition the specimen 
are heated up for 20 min at 1150 °C oven temperature. The surface temperature of the 
specimen is measured using a pyrometer. A temperature compensation is performed by 
cooling curves which are generated with the measuring setup. Therefore the specimen 
are heated up and measured during the cooling on air. 

As the basic setup shown in Fig. 1 is used for the scenarios >>Position<< and 
>> Distance<< the compensation curves are used for the evaluation of both scenarios. 
The > >Distance< <scenario is carried out using exclusively the x-direction sensor. The 
distance between the sensor and the specimen is app. 1000 mm. 
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Fig. 1. Sensor, experimental setup of scenario 1 and 2; hot specimen on table, specimen 
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Fig. 2. Specimen and placement in hot and cold condition 


The third investigated scenario is the > >Lines<< scenario. The experimental setup 
is designed and set up to investigate a rotating specimen linewise. Figure 5 shows the 
laboratory setup. The key components are rotation axis and a radar-sensor in a distance 
of app. 1000 mm to the specimen. The experiments are performed with the specimen 
shown in Fig. 5 as well. The sample is rotated around its own axis in 30-degree increments 
using a rotating device (see Fig. 2). The rotation started with the value 0°, then the test 
specimen was rotated in the said 30-degree steps up to 360°. The end position of 360° 
in turn corresponds to the start position of 0°. 


3 Results 


The following chapters show the results of the experimental measurings of the selected 
scenarios: >>Position<<; >>Distance<< and >>Line<<. 


3.1 Scenario 1 >>Position<< 


Figure 6 shows the distance measurement in the Y direction using a sensor as a function 
of the displacement of the NC axis in the X direction. There was no displacement of the 
cuboid in the Y direction. The test evaluation of the position measurement of the side 
surface of the cuboid shows that this shows significantly higher deviations compared 
to the distance measurement. The initial value with a displacement of 0 mm represents 
the maximum value with a distance measurement of 1856.43 mm. The smallest value 
was detected with a displacement of 6 mm in the x-direction. Here the value of the 
distance is 1855.14 mm. Within the position measurement, the deviations are in a range 
of 1.284 mm. This is significantly higher than with the distance measurement. This large 


152 M. Bergmann et al. 


systematic measurement error can be explained by the fact that the measurement spot 
of the radar is too large and thus echo signals were sometimes also recorded outside the 
measurement body in the event of a shift. 

Analogous to the previous measurement, the position measurement of the cylinder 
lateral surface is shown in Fig. 7. It can be seen that the distance measurement value 
increases as the NC axis displacement increases due to the curved surface. It should also 
be mentioned here that a previous calibration took place before the measurement, so that 
the sensor detected the peak of the diameter contour with a displacement of 0 mm. It 
can be seen that the deviation increases as the displacement increases. One reason for 
this strong deviation could again be that the measuring spot was too large. This makes 
it possible for distance values to be recorded that are located next to the actual ideal 
measuring point. In addition, it should be noted that the sensor is only able to record 
a plausible echo signal from the lateral surface of the cylinder up to a displacement of 
7mm. 
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Fig. 3. Scenario >>Position<< Evaluation square specimen (left); round specimen (right) 


From the test evaluation for the position measurement, it is deduced that the mea- 
surement of the straight as well as the curved surface is subject to a significantly higher 
systematic error. On one hand, this could be due to the measurement of a smaller area in 
the cuboid measurement, so that the measurement spot was also outside the measured 
area. In addition, the measurement of the curved surface shows that no echo signal is 
detected even with a slight inclination of the sensor axis to the test object. 


3.2 Scenario 2 >>Distance<< 


The results of the series of measurements to determine the measurement error of the radar 
sensor on a flat surface when cold can be seen in Fig. 4. The individual measurements of 
the respective increments of the position change of 1 mm are shown here. The blue line 
stands for the nominal value of the measurements, which corresponds to the displacement 
of the NC axis in the X direction. The orange dots mark the measured actual value of the 
displacement of the radar sensor. Here, the actual value refers to the difference between 
the measured distance and the measured initial value in the starting position of the tool 
slide. The individual measured actual values shown are again mean values, which were 
calculated from a set of n = 500. This means that distance measurements were carried 
out by the radar sensor 500 in a short time for each displacement position of the tool 
carriage. The results showed the largest absolute deviations in the positive and negative 
direction of 0.079 mm and —0.105 mm with a step size of 1 mm. 
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Fig. 4. Scenario > >Distance<< - measurement square specimen cold, measurement cylindrical 
specimen cold 


To provide the results of the cylinder lateral surface, the results are transferred to a 
coordinate system analogous to the other distance measurements (Fig. 3). The blue line 
marks the target value of the measurement and the orange dots indicate the mean value 
of the displacement measurement of the radar sensor in the respective position. The 
largest deviation between the target and actual value in the positive range is at a value 
of 0.149 mm. The largest deviation in the negative range has the value of —0.218 mm. 

As addressed in Sect. 3, when determining the displacement, the shrinkage of the 
cuboid and cylinder in the warm state must be taken into account. For this a shrinkage 
functions are derived. Based on the determined shrinkage functions and the determined 
temperature of the specimen, the respective influence of the shrinkage on the displace- 
ment can now be determined. Adding the displacement of the axis results in the total 
displacement, which corresponds to the nominal dimension. This target value is used in 
the same way as the measurement in the cold state in order to detect the deviations in 
the sensor measurement. Figure 5 (left) shows the individual results for measuring the 
side surface of the cuboid in the warm state. As before, the axis shift identity is labeled 
in blue and the readings in orange. In addition, the grey line characterizes the overall 
shift. With regard to the absolute deviations, it can be seen that these differ from the 
respective measurements and in the series of measurements with axis displacement in 
1 mm increments, the target and actual values are a maximum of 0.196 mm apart. 
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Fig. 5. Scenario > >Distance<< - measurement hot square (left), hot cylindrical (right) 


In addition, the investigations into the measurement of the cylinder lateral surface 
in the warm state were evaluated using the same approach as described for the cuboid. 
The results are compared in Fig. 5. A similar pattern emerges here. The deviation is the 
smallest in increments of 1 mm, the maximum deviation here is —0.74 mm. In general, 
it can be stated that the deviations on the cylinder are significantly larger. A plausible 
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reason for the higher values could be a larger error in the cylinder’s contraction function. 
This evaluation shows that, under the given conditions, the FMCW radar sensor used 
can measure the straight surface with an accuracy of approx. +0.1 mm and the curved 
surface with an accuracy of approx. +0.2 mm when cold. This applies to all increments. 
For the measurement of the cuboid and the cylinder in the warm state, the accuracy 
of the measurement of the straight surface is approx. 0.2 mm and the curved surface 
is approx. +0.5 mm. Based on these results, it can be deduced that the FMCW radar 
sensor can detect distances to straight surfaces with higher accuracy compared to curved 
surfaces. This applies to the cold and warm state of the test specimen. 


3.3 Evaluation Line Measurement 


A preliminary test with square specimen was carried out to measure the lines of the side 
surface. A preliminary test was carried out to measure the lines of the side surface. For 
this purpose, the cuboid was positioned on the rotation device and then rotated around its 
axis while constantly recording the distance. From this preliminary test it can be deduced 
that the distance measurement can only measure the distances of a straight surface for 
small angles of rotation. As can be seen from Fig. 6, measuring a sloping surface facing 
the sensor, there are strong fluctuations in the measured values recorded by the radar 
sensor. In the positions 0°, 90°, 180°, 270° and 360°, the surface is perpendicular to the 
sensor. This shows that the individual fluctuations decrease significantly. 


square specimen 


0° 90° 180° 270° 360° 


voor 180° measurements 1- 4000 


Fig. 6. Scenario > >Line<< - measurement square specimen 


Based on the findings that could be gained from the preliminary test, it was now 
determined how far the side surface of the cuboid can be twisted. The increment was 
one degree. The rotation takes place first in the mathematically positive and then in the 
negative direction of rotation. The steps were carried out until the sensor could no longer 
record the side faces of the cuboid with sufficient accuracy. 

Figure 7 shows the results of the line measurement in the cold and warm state in a 
rotation angle range of —7° to 7°. There is a clear tendency here that the measurements 
become more and more imprecise with increasing tilting. The absolute values tend to 
deviate strongly from the actual value, which can be determined at 0 °. With increasing 
rotation angle, after evaluating the data it can also be stated that with increasing tilting 
(related to the radar device), the standard deviations of the measurements increase signif- 
icantly in relation to the mean value of the respective individual measurements. It can be 
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Fig. 7. Scenario >>Line<< - measurement of a square surface, varying angle of inclination 


derived that the measurement accuracy of the radar sensor with regard to the systematic 
deviation and random deviation increases significantly when a straight surface, such as 
the side surface of the test body used, is tilted. 

In the case of the cylinder surface, the cylinder was rotated around its own axis in 
30-degree increments both in the cold and in the warm state using a rotary device. The 
rotation started with the value 0°, then the test specimen was rotated in the said 30-degree 
steps up to 360°. The end position of 360° in turn corresponds to the start position of 0°. 


Fig. 8. Scenario > >Line<< - measurement cylindrical specimen 


Figure 8 shows the mean values of the distance measurement between the sensor 
and the component in the cold and warm state in the respective position. The evalua- 
tion shows that after the eccentricity has been deducted, the diameter values oscillate 
in a range between 2.20 mm for the cold measurement and 2.14 mm for the warm 
measurement. Thus, under the present measurement conditions, the line measure-ment 
can be carried out equally well in the cold as well as in the warm state. 


4 Discussion and Conclusion 


Achieving clear reflection of the radar signal and a examinable signal is crucial for a 
proper measuring using radar based systems. Surfaces that are planar to the sensor can 
be reconstructed well. The parallel displacement to the sensor can be detected with high 
resolution for both flat and cylindrical surfaces. 

The adaptation of the measuring systems for position monitoring and thickness, 
width, length measurement appears possible with adaptation measures. The measure- 
ment of round material is technically less demanding than billet material. When measur- 
ing contours, it has been shown that the inclination of flat surfaces to the sensor already 
leads to major errors from an angle of 2°. Inclined surfaces lead to low backscatter. 
Here, in-depth analyzes and changes to the evaluation algorithms of the echo signal 
become necessary. The detection of the contours of cylindrical geometries could already 
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be realized quite well. The exact alignment of the sensor to the axis of rotation must 
be taken into account here, since, as the position detection has also shown, a displace- 
ment of the central axis by 8% in relation to the cylinder diameter leads to incorrect 
signals. Possible solutions are seen here in the trajectory (sensor movement) and further 
investigations into signal processing steps for better results. 

In principle, radar-based measurement technology appears to be suitable for forging 
applications. Applications are foreseeable, in particular for position detection, distance 
measurement and diameter measurement. 
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Abstract. Friction, electrical losses, cooling systems and ambient conditions 
influence the thermal field of machine tools and cause a significant amount of 
positioning inaccuracies and production errors. Compensation strategies aim to 
reduce the thermal error in machine tools. The global urgency for energy-efficient 
production also affects the selection of specific compensation strategies, espe- 
cially since some of them consume significant amounts of energy while others 
are potential energy savers. As of today, there is no method to select the opti- 
mal compensation strategy for thermal errors in machine tools. The main reasons 
are that the quality of any compensation strategy depends heavily on the exam- 
ined machine tool and its intended usage. Besides this, there are several, often 
conflicting assessment criteria. 

This paper provides an overview of existing compensation strategies and 
presents an evaluation of their effect on the energy consumption. The investi- 
gated strategies comprise methods for reducing the heat losses, for decreasing the 
sensitivity of the tool center point to thermal influences, cooling strategies for 
removing heat from the machine tool, air conditioning and methods for control- 
lable heat transfer and also various computational methods aimed at predicting 
and correcting the existing thermal positioning error in the machine tool control. 

As an addition to previous research, the rating of thermal error compensation 
strategies was extended by their effect on energy efficiency. The authors demon- 
strate that accuracy and energy efficiency must be considered jointly for each 
individual machine tool and manufacturing task. 


Keywords: Machine Tool - Thermal Error - Error Compensation - Energy 
Consumption - Efficiency - Effectiveness 


1 Introduction and Motivation 


Machine tools are one of the central pillars of manufacturing, constituting about 70% 
of the total operating machines in the industry [1]. The industry has had a share of 
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about 45% of the global electrical energy demand in 2020. The electricity demand of 
the industry has risen by about 30% between 2010 and 2020 and a further rise of another 
35% by 2030 is projected, surpassing even the demand of the buildings sector [2]. While 
an increasing amount of energy supply is generated by renewable energy sources, total 
electricity generation is expected to continue to increase and along with it, CO2 emissions 
will continue to rise [3]. Reducing the energy demand in machine tools can therefore be 
a meaningful path to lowering the global electrical energy demand and have a positive 
environmental impact. 

Reducing the power consumption of machine tools also reduces their operating costs 
and thereby gives them competitive advantages over conventional, inefficient machine 
tools. Operating costs are, however, only one criterion in the evaluation of machine tools. 
According to Schischke, machine tool users prioritize productivity, quality, accuracy, 
availability, service and price in the selection of machine tools with energy consumption 
being the least important criterion [4]. While increasing energy costs will likely make 
energy consumption more important in the future, energy reduction measures can only 
be successful in industrial applications if they do not come at significant expense of 
the former factors. This conflict is exacerbated by the fact that industrial applications 
increasingly require smaller lot sizes, a larger number of product variants and higher 
accuracy [5]. 


Grossmann et al. have illustrated this 
conflict in Fig. 1 [6]. Though this chart 
is vastly oversimplified, it is gener- 
ally true that high productivity makes 
it more difficult to maintain accuracy 
and increases the (operational) energy 


Energy consumption 
Cost efficiency 


eS mie SSma A demand. The most significant influ- 
Tolerance 4 
limit ence on the accuracy is the thermal 
error. An industrial survey by Regel 
Productivity . 
et al. among 75 machine tool manu- 
Fig. 1. Conflict between energy consumption, facturers and users has determined that 
productivity and accuracy in machine tools the thermal error makes up almost two 


thirds of the total positioning error of 
machine tools [7] and is thus significantly larger than geometric, static and dynamic 
errors. Moreover, the study revealed that even among the machine tool operators, the 
thermal error was believed to be almost as large as the other error components combined, 
showing that much of the thermal error is not being fully dealt with by the machine tool 
systems. Additionally, a significant portion of the thermal error stems from the tool and 
the workpiece [7]. 

Increasing productivity for a single cutting operation means higher feed rates and 
faster movements. (Above a machine-specific threshold,) this leads to larger dynamic 
errors and through higher waste heat also to larger thermal errors. The thermal waste 
heat comes mainly from friction, electric losses, hydraulic and pneumatic systems. The 
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use of cooling systems and air-conditioning can remove some of the waste heat from the 
machine tool and thereby stabilize its temperature field and reduce the thermal errors at 
the expense of additional electrical energy. 

To summarize this, higher productivity requires more energy to both run and stabilize 
the manufacturing process. This oversimplified view, that one cannot have high produc- 
tivity without a large energy consumption is likely the main reason why productivity is 
first and energy demand is last among the criteria for the selection of machine tools [4]. 
The reality is far more complex, however. On the one hand, higher productivity actually 
typically decreases the overall energy consumption. On the other hand, the thermal error 
can be managed through a large number of compensation strategies, many of which have 
only negligible effects on the energy demand. Thus, this paper aims to show how high 
productivity and high accuracy can be achieved by energy-efficient production systems. 
This will be done by reviewing and evaluating both energy-efficiency measures and 
thermal error compensation strategies and by explaining their possible interactions and 
combined uses. 

Section 2 will list some ways to improve the energy-efficiency of machine tools and 
explain their effect on the thermal error. Section 3 gives methods for reducing the thermal 
error in machine tools and their effect on the energy demand. Finally, a conclusion and 
outlook on future research topics will be given in Sect. 4. 


2 Energy-Efficient Manufacturing Technology 


Figure 2 shows an example of a 
turning process [8] and demon- 
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i ing applications), chip removal, oil 
mist extraction, fluid preparation, 
machine control, human machine 
interface, evacuation and air conditioning. Thus, the most effective means of reducing 
the energy demand of machine tools is to increase the productivity during cutting oper- 
ations to reduce the operating time and to shut off as many systems as possible during 


the non-productive phases. 
There are a number of ways to reduce the machine tool operating time: 


Timet 


Fig. 2. Power profile of a turning process [8] 


e Increase the feed rate and/or depth of cutting, 
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e Reduce air cutting motions (i.e. optimize CAM strategies), 

e Parallel processing (e.g. simultaneous NC operations, multi-spindle cutting, multiple 
workpieces in the workspace), 

e Optimized machine tool manipulation (e.g. faster or automated loading, unloading 
and setup of workpieces). 


Of these measures, all but the first one, actually improve the thermal behavior of 
the machine tool, as they generally lead to more stable temperature fields. While the 
increased productivity will lead to more waste heat and thus larger deformations, these 
are easier to deal with using cooling strategies or model based compensation methods. 
Increasing the feed rate or depth of cut can similarly be beneficial, but it may also increase 
static and dynamic errors, increase tool wear, increase the thermal error components of 
the tool and the workpiece and also increase scrap in general. Nevertheless, optimizing 
cutting parameters to maximize productivity is sensible and there are numerous methods 
of dealing with the aforementioned issues, e.g. predicting the thermal errors of tool and 
workpiece, predicting the static deflection and dynamic operating limits of the machine 
tool and even estimating the remaining useful tool life [9—12]. Energy optimization via 
improved cutting parameters was investigated and achieved, e.g., by Li et al. [13] and 
Han et al. [14]. 

Another means of improved energy efficiency is energy-optimal enterprise resource 
planning (ERP). This includes choosing the right machine tools for the individual cutting 
tasks and optimizing the order of these tasks to make the most of energy-saving shutdown 
cycles of machine tools [15, 16]. This approach requires some flexibility in as well as 
knowledge of machine tools, operators and schedules but has the potential to significantly 
reduce the manufacturing related energy consumption without any additional cost in 
resources or decrease in product quality. 

One of the most important methods for reducing the energy consumption of machine 
tools is to use demand-oriented supply systems. In the case of the cooling system, this 
can, e.g. be realized by using clocked compressors instead of a bypass to shut down 
the compressor when the coolant temperature is acceptable [17]. This can be done in 
a way that maximizes the shutdown time without affecting the thermal stability of the 
machine tool. Another important option is to use minimal quantity lubrication (MQL) 
or even dry machining to reduce the energy demand for cooling and processing of the 
cutting fluids. However, especially dry milling significantly increases tool wear and MQL 
typically requires air compressors to supply the large pressures needed and can thus create 
even larger CO2 emissions than flooded cooling (though overall MQL remains better 
environmentally) [18]. From a thermal point of view, flooded cooling is the most effective 
way to remove waste heat from the cutting process and thereby minimize the thermal 
errors of the machine tool, the tool and the workpiece. However, as previously stated, 
model based prediction algorithms can create good estimations of these deformations 
for MQL and dry milling and thereby eliminate most of these errors. Demand oriented 
bed flushing, evacuation and chip conveyor activation are likewise simple methods for 
improving the energy efficiency of machine tools. These measures can also affect the 
thermal behavior of the machine tool but their magnitude is limited and good model 
based compensation schemes must consider these effects in any case. 
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Last but not least is the energy-efficient design of machine tools and their compo- 
nents. This includes, e.g. using light-weight structures, using energy-efficient, demand- 
oriented supply systems, low-friction guides and bearings, regenerative breaking, coun- 
terweights and thermo-energetic machine tool design. Using light-weight structures has 
a significant effect on both thermal as well as dynamic dampening, which is why they are 
usually rare or restricted to certain components. Additionally, they make FEM simulation 
based compensation algorithms significantly more difficult to model and parametrize. 
On the other hand, all measures that reduce friction or the energy demand for moving 
machine tool assemblies also reduce the waste heat influx and thereby improve both 
the thermal as well as the energetic behavior of the machine tool. Thermo-energetic 
design such as thermo-symmetry, passive cooling structures or reducing the effects of 
waste heat on the TCP position can also be energy-efficiency measures as they allow the 
reduction or down-sizing of cooling systems and may shorten or eliminate lead times 
after machine tool startup or after production breaks [19]. 


3 Thermal Error Compensation 


Following the understanding of Großmann et al. [20] thermal error compensation can be 
distinguished into design based, measurement based and model based methods. Design 
based methods aim to change or reduce the heat flow in the machine tool so that tempera- 
ture gradients and the resulting displacements are reduced. These methods include, e.g., 
various cooling and air conditioning strategies, light-weight structures, material prop- 
erty optimization, thermo-symmetric design and the use of efficient drives and supply 
systems. 

Measurement and model based methods, aim to predict the thermally induced devi- 
ation at the TCP and eliminate it via offsets in the machine tool control. Both methods 
have minimal impact on the energy consumption of the machine tool. However, they 
have the potential to reduce the amount of cooling needed, thereby decreasing the energy 
consumption of the cooling system of the machine tool. This in turn can increase the 
overall energy efficiency of the machine tool. Most of these algorithms can be used in 
conjunction with the above mentioned design based methods as well as with many of the 
concepts listed in the previous chapter. It is, however, usually necessary to adjust these 
prediction algorithms to any method which significantly alters the thermal behavior of 
the machine tool. Algorithms based on FEM simulations or transfer functions must be 
expanded to include any additional heat sources and sinks and must be able to reproduce, 
e.g. load profiles for demand-oriented cooling strategies. Regression based algorithms 
may require altered load cases for model training as well. Interesting in this respect is the 
compensation using integrated deformation sensors, which has design based limitations 
in its usage but can generally handle almost all of the energy efficiency improvement 
measures without any adjustment or consideration [21]. 

In the following, two approaches will be presented that can support an energy efficient 
control of cooling systems. Since cooling systems account for a large part of the machine 
tool’s energy consumption, efforts should be made to achieve demand-oriented cooling 
[22]. 

Wenkler et al. presented an approach to reduce thermal changes in the machine tool 
by grouping machining processes depending on their caused power losses [23]. Their 
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strategy is based on loss predictions for machining tasks, by analyzing the G-code of 
a process and predicting the machining-specific loss trajectories. These trajectories can 
then be arranged so that the loss jumps in the process transitions are minimal. On the one 
hand, the concentration of loss troughs and peaks directly reduces the thermal dynamics. 
On the other hand, the concentrated loss peaks can be cooled more efficiently, since the 
thermal gradient from machine tool to coolant is greater and there are also larger areas in 
which the cooling system can be switched off or its power consumption can be reduced. 
Their experimental results reveal a potential reduction of about 10% in thermal changes 
concerning the segmentation approach. The strategy is currently partially automated but 
could be fully automated for an industrial application in the future. 

A second approach is presented by Shabi et al. [24] aimed at optimizing the cooling 
strategies. The investigation of two demonstrator machines has shown that the energy 
consumption of the cooling and lubrication systems on the DBF630 machining center 
amounts to 44% and on the DMU80 eVo machining center to 45% of the total energy 
consumption of the machine tools [25]. Thus, there is a great potential for reducing the 
energy consumption and increasing the efficiency of the machine tools by optimizing 
the operation of the fluid power systems. Because of the rather inefficient activation 
procedures of conventional cooling systems, the temporal concentration of cooling rel- 
evant areas can lead to a decrease in the activation number and therefore increase the 
overall efficiency of the cooling system while maintaining thermal stability. To use this 
potential, optimized fluid power system structures were developed by Shabi in 2020 
[26]. Test results of the cooling system on the demonstrator DBF630 in the production 
process have proven that sufficient cooling capacity is available. Simulation results of 
the developed cooling system structures have shown that a stable temperature field can 
be achieved compared with the initial state. In addition, the flow supply leads to an 
improvement in the hydraulic performance of the pumps. The energy consumption of 
the pumps used with the new structures, is about 53—70.5% lower than that of the current 
cooling structures. 


4 Conclusion and Outlook 


The reduction of the energy demand in manufacturing can significantly impact man-made 
CO? emissions and thus aid in the struggle against global warming. One major contributor 
to production related energy consumption are machine tools, which can be viewed as 
the workhorse of the industry. Currently many machine tool users value productivity, 
accuracy and price over the energy-efficiency. There are, however, numerous ways to 
satisfy these key criteria while employing energy-efficient machine tool designs. 

Thus far, many options for lowering the energy demand of machine tools have been 
suggested as well as methods to help them in dealing with thermal issues. The question 
of what measures specifically need to be taken to achieve energy-optimal, accurate 
manufacturing, remains unanswered. This is mainly because the application (workpiece, 
machining technology, ...) and the circumstances (new design vs. existing machine, 
factory conditions, ...) determine the most suitable strategies. 

For existing machine tools, barring the option of a major retrofit, design alterations 
are not possible. Therefore, the best way to save energy will be to optimize the usage of 
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all available machine tools by selecting the best one for each job and keeping them shut 
off as much as possible. At the same time, the productivity should be maximized with 
high feed rates and optimized CAM paths while also employing demand-oriented supply 
systems to the extent that the existing hardware allows. This will definitively impact the 
thermal error, so that model based compensation algorithms should be employed to 
maintain the required accuracy. All of these solutions are purely software based and 
require at most additional sensors (e.g. temperature sensors). 

For new machines, the full suite of measures is available and it is important to 
keep in mind, that changing thermal properties may impact the mechanical properties 
(especially dynamic behavior) and that the machine tool should be considered together 
with its factory and the intended process chains. In this context, the Internet of Things 
has much to offer, so that hardware and software interfaces are also important. Energy- 
efficient designs and energy-optimal components should be part of all new machine 
tool designs as far as they are affordable. The design choices should take thermal issues 
into consideration, which preferably are done via thermo-elastic FEM simulations. After 
that, the same methods suggested for existing machine tools, will be effective. The most 
relevant gap in the state of the art is the lack of interconnection between these methods. 
In the future, ERP, CAM and the NC control must all cooperate to maximize the effects 
of these energy-efficiency measures for any given workpiece. 

By examining the interactions of the thermal accuracy of a machine tool with its 
energy efficiency, particularly via methods and devices that affect these critical goals, 
the authors have demonstrated many synergies between these seemingly conflicting 
goals and also possible solutions in cases where increased energy-efficiency truly leads 
to larger thermal errors, when these are not otherwise dealt with. 
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Abstract. Wood as a renewable material plays an important role in transforming 
society towards sustainability and climate neutrality. However, wood is a difficult 
material to saw due to its anisotropic and inhomogeneous properties. Currently, 
the adaption of process parameters due to varying wood temperature and mois- 
ture content are solely based on operator experience. This frequently results in 
unfavorable settings of process parameters leading to a drastic increase in energy 
consumption and poor surface quality of the sawn wood. This paper investigates 
the cutting force when sawing frozen spruce wood with a two tooth research 
saw blade and the surface quality of the resulting wood samples under varying 
influencing factors. The material properties temperature between 20 °C and — 
40 °C and moisture content as well as the kinematic factor cutting direction were 
observed. The results show that the cutting force of moist and wet wood increase 
with decreasing temperature and remain constant for dry wood. Additionally, the 
surface quality of wet and dry wood samples is improved when sawing wood with 
lower temperature values. Using these results, the operator can be supported by a 
data driven approach for the adaption of machining parameters, hence improving 
the energy- and resource-efficiency of the process. 


Keywords: Frozen spruce wood - Wood sawing - Cutting force - Surface 
quality - Frozen wood - Temperature - Moisture content - Cutting direction 


1 Introduction 


As arenewable and carbon-storing raw material, wood is becoming increasingly impor- 
tant in numerous industries. Taking into account dwindling resources and increasing 
competition between sawmills, the sawing processes themselves must become more 
sustainable and thus resource as well as energy efficiency are becoming increasingly 
important factors for the woodworking industry [1]. 
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Particularly densely forested regions, such as Canada or Scandinavia, face the prob- 
lem of temperatures dropping well below —40 °C in winter months [2]. Due to the low 
temperatures, sawmills face the challenge of sawing frozen wood, which can lead to 
higher cutting forces and a reduction in cutting accuracy [3]. In order to keep the surface 
quality and process efficiency constant, the parameters of the sawing lines are usually 
adjusted based on operator experience. GREIGERITSCH recommends reducing the tech- 
nologically possible feed speed of the sawing line by 15% when sawing frozen wood 
compared to sawing unfrozen wood [1]. In addition to this reduction in productivity, 
unfavorably set production parameters can lead to the circular sawing process being 
brought to a halt due to overloaded circular saw blades, which increases production 
downtimes and causes considerable economic damage. 


2 State of the Art 


2.1 Wood as a Material 


The natural composite material wood is characterised by a high degree of anisotropy 
and inhomogeneity, which results from the cellular compound and the changing growth 
phases. Therefore, the directional influence must be taken into account when sawing 
wood. KIVIMAA was able to identify the three main cutting directions: A, B and C (see 
Fig. 1). The distinguishing feature for the determination of the main cutting direction 
is the orientation of the cutting surface and knife movement to the fibres. With cutting 
direction A, the cutting surface and the knife movement are perpendicular to the fibres. 
Cutting direction B is characterized by the cutting surface and knife movement being 
parallel to the fibres. Cutting direction C has the same cutting surface as B, but the knife 
movement is perpendicular to the fibres [4]. 


Fig. 1. Schematic representation of the three fibre cutting directions A, B, C in two cutting 
instances I and II [4] 


2.2 Sawing Frozen Wood 


Circular sawing of frozen wood has always represented a special challenge for sawmills 
throughout time. Particular attention ought to be paid to the changed physical and 
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mechanical properties of frozen wood. From various publications it is known that the 
mechanical properties of wood are influenced by wood temperature and moisture content 
(e.g. [5, 6]). 

At temperatures below 0 °C, complex freezing processes take place within the wood. 
Solely the free water in the macroscopic cavities of the wood freezes thereby forming 
ice in these cavities. In the process, the ice expands and exerts a compressive stress on 
the cell walls. This supports the wood structure and makes it more rigid. The bound 
water in the microscopic cavities, however, remains in a liquid or liquid-like state even 
at temperatures below 0 °C. The reason for this is assumed to be the special bond to 
the cell walls, whereby the bound water is present as a supercooled liquid and strongly 
bound semi-fluid. Since there is a lower vapour pressure over ice than over supercooled 
or bound water, there is a potential difference between the microscopic and macroscopic 
cavities in the wood. This in turn causes moisture to migrate away from the cell walls and 
to freeze in the macroscopic cavities. The potential difference increases with decreasing 
temperature. This process leads to an internal drying of the wood, which in turn changes 
the mechanical properties [7, 8]. 

KIVIMAA has already dealt with temperature as an influencing factor. He reports 
that the cutting force increases linearly with decreasing temperature and shows a step at 
0 °C [4]. The models of AXELSSON, LUNDBERG & GRÖNLUND and PORANKIEWICZ et al. 
agree with the results of KIVIMAA, but do not take into account the step change of the 
cutting force at 0 °C, as this was not included in the experimental design [9, 10]. The fact 
that sawing frozen wood requires more force and energy than unfrozen wood has been 
established in many studies (e.g. [11]). In contrary to the previously mentioned, ISPAS & 
CAMPEAN have determined a reduction in cutting forces and energy consumption [12]. 
An adjusted saw blade and a low cutting height were used, which avoided the common 
phenomenon of large quantities of sawdust getting stuck on the lateral kerf walls, thus 
decreasing the frictional resistance. 


2.3 Surface Quality of Sawn Wood 


Measuring the surface quality of wood poses multiple challenges due to the properties 
of wood, such as inhomogeneity, anisotropy and porosity [13, 14]. Since 2019, a stan- 
dardized procedure for the assessment of wood surfaces has been available in the form 
of VDI standard 3414 [15]. The following roughness parameters are recommended for 
the characterization of wood surfaces: core roughness Rk and reduced peak height Rpk 
as evaluation parameters and reduced valley depth Rvk as reference parameter [15]. The 
reduced valley depth Rvk can be understood as a measure of structural roughness, the 
reduced peak height Rpk as a measure of protruding fibres and the core roughness Rk as 
a measure of machining roughness [16]. If the condition of the surface is considered over 
an area and examined with 3D measuring instruments as it was done in this paper, the 
equivalent parameters from DIN EN ISO 25178-2 are relevant (core height Sk, reduced 
peak height Spk, reduced dale height Svk) [15]. 
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3 Approach and Experimental Detail 


The general test set-up is shown in Fig. 2. The different wood samples are held on the 
machine table. The research saw blade with two exchangeable saw teeth is clamped in 
the sensory tool holder “spike” of the manufacturer pro-micron. The machine is a 5 axis 
machining centre machine DMU 50 eVolution from Deckel Maho. It guarantees an exact 
tool rotational speed and ensures a constant feed speed. The sensory tool holder “spike” 
can be used to measure various torques and forces. The cutting forces are recorded by the 
spike during the machining of the wood inside the machining centre and sent wirelessly 
to the receiver unit with antenna. This is located outside the machining centre and is 
connected to the measuring computer. All measured data are visualised and documented 
by the measuring computer. 

The recorded measurement data is then processed. For this work, the decisive feature 
is the cutting force that the machine tool has to generate in order to machine the wood. 
This also includes the dynamic oscillations in the measurement signals. To map these 
correctly, the measurement signal is processed as follows: 


e Removal of the linear drift 
e Formation of the absolute value of the measured data 
e Averaging of the data during the full engagement phase 


( 1 ) Sensory tool holder 


( 2 ) Rotational direction 
a 
(3 ) Two tooth saw blade 
(4 ) Frozen wood sample 


( 5 ) Clamping 
(6 ) Feed 

= 

(7) Test run 1-3 


(8) Machine table 


Fig. 2. General test set-up 


The tests are carried out on spruce wood. The dimensions of all wood samples are 
90 x 90 x 180 mm. To ensure equal conditions for the tests, the squared logs were taken 
from a few stems. To investigate the influence of the different moisture contents, a part 
of the samples was air-dried in a warm dry environment and another part was stored 
in water until the maximum moisture content was reached. The moisture content of the 
wood samples was determined using the darr method. The dry samples had an average 
moisture content of 4%, the green, “moist” samples a moisture content of 35% and the 
wet samples a moisture content of 200%. 
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The wood samples are machined in a laboratory environment at ten different temper- 
ature levels dry, moist and wet respectively in the three cutting directions A, B and C in 
counter-rotation. This is done for all samples at a tool rotational speed of n = 330 rpm, 
a feed speed of ve = 1066.88 mm/min and a working engagement of the cutting edge of 
de = 40 mm. The wood samples are sawn both at room temperature (20 °C) and at wood 
temperatures between 0 °C and —40 °C in 5 °C decrements. Three samples are machined 
per setting, with three cuts sawn into each sample. The wood samples are cooled down 
gradually to the next lower temperature level over a duration of at least 24 h using an 
adjustable heavy-duty laboratory freezer. A temperature sensor inserted into a reference 
wood sample is used to monitor and control the temperature of the wood samples. 

The surfaces of the sawn wood samples are examined in the connection with the 3D 
profilometer VR-5200 from Keyence. The parameters for the examination of the surface 
in this work can be found in Table 1. 


Table 1. Parameters of surface examination 


Parameter Value Parameter Value 
Magnification 40 x (micro camera) S-filter (low pass None 

filter) 
Measuring field 8mm x 8mm L-filter (high pass 8mm 

filter) 
Filter type Gaussian filter F-operation (shape Secondary curved 
End effect correction On correction) surface 


Regression lines with confidence and prediction intervals were calculated from the 
different measuring points between 0 °C and —40 °C. This applies to both the cutting 
forces and the surface parameters. 


4 Results and Discussion 


4.1 Cutting Force 


Comparing the cutting forces when machining the wood samples at 20 °C and at 0 °C 
(frozen), steps in the cutting force have been observed for the moist and wet wood 
samples. The cutting forces during machining the dry wood samples do not show any 
step during the transition to the frozen state. 

The results of the cutting force tests (regression lines) on frozen wood are shown in 
Fig. 3. It can be clearly seen that the cutting force increases with decreasing temperature 
when machining the moist and wet wood samples, irrespective of the cutting direction. 
In contrast, a constant course of the cutting force can be assumed for machining the dry 
wood samples, whereby all three cutting directions show an approximately equal cutting 
force. This is consistent with the results of various investigations of the mechanical 
properties of wood. At low moisture levels, temperature has only a minor influence. 
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With increasing moisture, the effects of temperature on mechanical properties increase, 
with the effect being more pronounced at temperatures below 0 °C than at temperatures 
above 0 °C [5]. 

Furthermore, it is noticeable that the cutting force in cutting direction A is signifi- 
cantly higher than in cutting direction B and C for the moist and wet wood samples. It 
must be mentioned that the scatter of the measured values in cutting direction A is very 
high compared to cutting direction B and C. This results in large confidence intervals, 
which leave a lot of latitude for the actual curves of the regression lines. The large range 
of the cutting force in cutting direction A is already known and can vary by + 30% for 
spruce wood [17]. 

In cutting direction B it can be seen that the moist wood samples are easier to machine 
than the wet wood samples, which in turn are easier to machine than the dry wood 
samples. In cutting direction C, the cutting forces of the moist and wet wood samples 
are near each other. The behavior described for cutting direction B applies in cutting 
direction C at a temperature lower than —15 °C. At temperatures above this it is easier 
to machine wet wood samples than moist wood samples. The lower the temperature 
decreases, the smaller the difference between the moisture levels becomes. 
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4.2 Surface Quality 


Figure 4 shows the surface topographies of wood samples which were sawn in cutting 


direction A, B and C. 

0,093mm 0,257 reer 

0,200 
0,000 

0,100 
0.080 

0,000 
0100 0,100 
0,200 0,200 
0,286 0,251 


Fig. 4. Surface topography of wet wood samples at —20 °C for cutting direction A (left), cutting 
direction B (center) and cutting direction C (right) 


In the following, the focus is on core height (Sk), because the tests have shown 
that this parameter is generally more dominant than the reduced peak height (Spk) 
and reduced dale height (Svk). No significant change or step in surface quality can be 
detected when the wood is transitioned to the frozen state. While the surface quality of 
the dry and wet wood samples increases when the temperature is reduced, the surface 
quality of the moist wood samples deteriorates or remain approximately equal, (see 
Table 2). Thus, if the wood sample has a low moisture content or is completely saturated 
with water (wood-ice composite), the surface of the wood benefits from the changed 
material properties as the temperature decreases. The deviating behavior of the moist 
wood samples indicates that the simultaneous presence of ice in the macroscopic cavities 
and, with decreasing temperature, increasingly migrating (liquid or liquid-like) water in 
the microscopic cavities leads to a decrease in the surface quality with increasing drying 
of the wood fibers (internal drying). 

Moreover, the wood samples machined in cutting direction B and C show signifi- 
cantly lower core height Sk values than the wood samples machined in cutting direction 
A. Basically, with the given process parameters, the machined surfaces in cutting direc- 
tion A are characterized by very coarse structures with deep, exposed pores. In contrast, 
relatively smooth surfaces were produced in cutting direction B and C, where the knife 
marks were partly recognizable in the height profile. 


Table 2. Change in surface quality between 0 °C and —40 °C ((Sk_49 — Sko)/Sko) 


Sample Cutting direction A | Cutting direction B Cutting direction C 
Dry wood samples —35,4% —21,7% —3,4% 

Moist wood samples +50,2% —2,7% +22,1% 

Wet wood samples —27,2% —29,6% —39,7% 
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5 Conclusion and Outlook 


This paper has created a basis for a sustainable and efficient operation of circular saws and 
sawing lines. In general, the cutting forces when machining moist wood at temperatures 
below 0 °C are lower than the cutting forces when machining wet wood, and the cutting 
forces when machining wet wood are lower than the cutting forces when machining 
dry wood. The cutting forces for machining dry wood are constant for all three cutting 
directions. If the wood is moist or wet, the cutting forces increase in all three cutting 
directions as wood temperature levels are dropping. When considering the surface of 
the wood, a reduction in temperature for the dry and wet wood samples causes an 
improvement in the surface quality during machining. The moist wood samples behave 
in the opposite way for cutting directions A and C. In general, the cutting forces are 
greatest in cutting direction A and very close to each other in cutting directions B and C. 
The surface quality in cutting direction B and C is clearly better than the surface quality 
in cutting direction A. Basically, the machining roughness is more dominant than the 
protruding fibers and the structural roughness. 

With regard to temperature and moisture content, further investigations with a higher 
resolution of both influencing factors may be useful. Especially for moisture content, 
there are still large gaps between the considered levels of 4%, 35% and 200%. Future 
research can also tie in by collecting, combining, evaluating and interpreting various data, 
for example from cutting forces, acoustic noise, current profiles and rotation position of 
the saw blade. Using suitable methods such as artificial intelligence or machine learning, 
new perspectives for the optimal operation of saw lines can be generated. The field of 
sensor data fusion has great potential in woodworking. 
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Abstract. Nowadays there is a need for innovative solutions for composite mate- 
rials in the packaging and textile sectors. These are formed by multilayer structures 
that improve technical performance however complicates recycling. Consequently, 
they are mostly sent to energy recovery or downgrade recycling processes. To avoid 
this, new recycling technologies are needed. 

The innovative “back-to-monomer” recycling technology “revolPET®” rep- 
resents a solution for this challenge. In the process, the polyethylene terephthalate 
(PET) is selectively depolymerized to recover the monomers ethylene glycol (EG) 
and terephthalic acid (TA) for a new PET production. By an alkaline hydrolysis, 
the PET reacts continuously with a strong base in a twin-screw extruder. The aver- 
age residence time in the extruder is less than one minute with a process yield up 
to 95%. Due to the mild depolymerization conditions, the other polymers remain 
chemically unchanged and can be easily separated. The produced monomers are 
regained in virgin quality and can achieve a 33% reduction on the greenhouse 
gases emissions if compared with the crude oil production route. 

In this contribution, the technology on a pilot scale as well as the results of the 
first scale-up investigations are presented and discussed with respect to technical 
maturity and environmental benefit. 


Keywords: PET - Recycling - Depolymerization - Circular economy - 
Sustainability 


1 Introduction 


The global production of PET in the year of 2018 was about 78 million tons. Around 
98% of its production was obtained from non-renewable resources and just 2% from 
secondary raw materials (recyclates) [1]. PET is most used in the manufacture of high- 
quality plastic packaging and polyester textiles. Due to its mechanical properties, this 
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polymer shows a good resistance against many chemicals and for this reason it meets the 
highest quality for food packaging. For some packaging applications, there is a need of 
protecting the inner content against light and air exposure. Therefore, the combination of 
different polymers (multilayer structure) is a viable solution for the packaging industry 
to fulfill specifications concerning low material consumption, high propensity against O2 
permeation and mechanical strength [2]. Since raw materials are primarily derived from 
non-renewable sources, a sustainable approach for recycling PET-containing waste is 
essential. Furthermore, almost all the economic value of these materials are lost in their 
short-lived value chain. Recycling technologies present a solution for this challenge, as 
they provide a secondary raw material that can substitute and thus reduce the use of 
non-renewable resources to produce new PET. The depolymerization products can be 
recovered in high quality, so that PET can be produced in novel quality, which is suitable 
e.g. for food-contact applications. 

The most established recycling technologies for PET are mainly thermomechanical 
processes, which are only applicable for high purity PET feed materials. Mechanical 
recycling of PET composite waste is technically and economically not viable due to 
the required polymer separation. As a result, these materials are mostly sent to energy 
recovery. However, the economic value as well as the resources of the waste stream 
cannot be recovered, and the product comes shortly to the end of its life cycle. Targeting 
these “hard-to-recycle’” PET materials, the company RITTEC Umwelttechnik GmbH 
developed the innovative “back-to-monomer recycling” (BMR) technology revolPET. 


1.1 State of the Art (Depolymerization of PET) 


Chemical methods can supplement the mechanical recycling technologies to treat the 
“hard-to-recycle” waste fractions. PET feedstock recycled with pyrolysis, requires 
mostly high operation temperatures (450 °C...900 °C) and none of the developed tech- 
nologies was able to prove itself economically viable. Furthermore, PET has not become 
the focus of pyrolysis research because of unfavorable composition of the decomposition 
products (bulk petrochemicals) [3, 4]. In addition to pyrolysis, the BMR methods, based 
on depolymerization, offers a possible solution for the aforementioned challenge. BMR 
processes are focused on recovering the monomers or other constitutional repetition 
units of the polymer for a new PET production [5]. These processes are, regarding their 
reaction pathways, divided into: ammonolysis, glycolysis, methanolysis and hydrolysis 
[6]. This contribution will focus on the hydrolysis processes. 

The hydrolysis of PET is carried out in the presence of water either utilizing cat- 
alysts, high pressure, and high temperature or with strong bases and acids [7, 8]. In 
presence of strong bases, the ester linkages of PET are dissolved, resulting on EG and 
two salts (monosodium terephthalate and disodium terephthalate (DST)) [9]. After a 
further treatment of DST with a strong acid, both valuable monomers EG and TA can be 
recovered [9, 10]. Normally, alkaline hydrolysis processes are operated with high base 
concentrations (up to 20 wt.%), pressures around 1.4...2.0 MPa and high temperatures 
(up to 250 °C) [11, 12]. These last-mentioned points combined with a batch operation 
make these hydrolysis processes economically unviable for the PET depolymerization. 
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Given the growing volumes of PET being produced, there is a great economic and 
environmental need of developing a sustainable process solution for the depolymeriza- 
tion of PET. Compared to batch processes, continuous production offers many benefits 
regarding energy and resource efficiency, constant product quality and scalability. More- 
over, the difficulty to increase the heat transfer area on scaling batch processes leads to 
longer residence time and lower reaction rates [13]. The most promising continuous alka- 
line depolymerization process was presented by Benzaria et al. [14]. The reaction took 
place in a kneading extruder at 120-160 °C with a residence time of approx. 6 min witha 
depolymerization degree above 60%. After the implementation of a further downstream 
process step operating at 80...130 °C for 30 min, a higher depolymerization degree 
(>95%) was achieved [14]. 


1.2 The Background of the revolPET Technology 


In a joint R&D activity, RITTEC Umwelttechnik GmbH together with the Institute for 
Chemical and Thermal Process Engineering (TU Braunschweig) developed a continuous 
PET depolymerization technology. The newly developed revolPET process builds on the 
continuous operation of a twin-screw extruder leading to a residence time below 1 min 
and to high depolymerization degrees [15]. Furthermore, hydrolysis depolymerization 
has a great advantage in comparison to other processes because the produced TA can be 
directly used for a new PET production without further processing [16]. 


2 Materials and Methods 


2.1 Process Concept and Experimental Setup 


The process concept and the experimental setup were first presented in Biermann and 
Brepohl [15]. In a pilot plant, 6.96 kg/h PET waste material and 3.04 kg/h sodium 
hydroxide (NaOH) is conveyed into the twin screw extruder. The stoichiometric ratio of 
PET waste to NaOH is adjusted to 2.1 molNaOH/molPET calculated assuming 100% 
PET content on the PET waste stream. 

The post-consumer multilayer PET trays were mixed with post-consumer monolayer 
trays and bottles. The trays were extracted from the waste stream and a second sorting 
was applied to extract the multilayer trays only. The stream contained a minimum 80% 
of multilayer trays and was ground to <3 mm in diameter. The material was processed 
in the extruder (ZSE 27 MAXX, Leistritz Extrusionstechnik GmbH) and NaOH (purity 
> 98%, diameter < 3 mm) was added through a side feed in cylinder number 2. The 
temperature of the reaction zone was set to 130 °C, see Fig. 1. 

Following the depolymerization, the extruder output was conveyed in a dissolution 
tank where 66.9 l/h water is added. After the complete dissolution of all dissolvable 
materials, the suspension is sent to a filtration cascade where solid impurities are removed 
in a two-stage filtration. The particle free solution of DST and EG in water is purified 
from soluble impurities. The isolation of recycled TA (rTA) is conducted by the addition 
of a strong acid. 

By solid/liquid separation the rTA is extracted from the product suspension and 
sent to the drying process. The filtrate is sent to the recycled EG (rEG) purification 
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Fig. 1. Continuous revolPET depolymerization process (adapted from [15]). 


process where the water is removed and the rEG is distilled to obtain the required purity. 
Figure 2 presents a block diagram of the revolPET process. To date, the process has 
focused on recovering the monomers rTA and rEG, future technology developments 
will also address the sodium salt (Na-X). 
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Fig. 2. Block diagram of the revolPET process. 


After the isolation, rTA and rEG were repolymerized in a lab scale experiment 
to test the resulting polymer quality. Up front rTA (1.98 mol), virgin isophthalic acid 
(IA) (0.02 mol), diethylene glycol (DEG) (0.015 mol), a polymerization catalyst and 
the rEG (2.4 mol) were premixed and filled into the reactor. Subsequently, the reac- 
tor has been heated up to start the polymerization. After reaching a clear prepolymer 
melt, the polycondensation conditions were applied to remove water from the reaction 
equilibrium. 


2.2 Environmental Assessment of the revolPET Process 


For the revolPET process, a Life Cycle Assessment (LCA) was conducted following a 
cradle-to-gate approach based on the framework of ISO 14040/44 [17]. For the LCA 
considerations, holistic investigations were performed to identify parameters with a 
strong influence on the environmental impact. As the current technology readiness level 
(TRL) of the process holds a lot of potential for improvement (TRL 4), various studies 
were conducted to identify hotspots and opportunities that must be considered in the 
ongoing process development. It builds on analyses of the operation of a single process 
step, apparatus, or unit operation and the entire process as well as the site infrastructure. 


revolPET®: An Innovative “Back-to-Monomer” Recycling Technology 179 
Following the approach of Wesche [18], all inputs and outputs of the process are 
included in the investigation, i.e. the expenditures for providing the reactants, utilities, 
and auxiliaries, as well as the electricity, process emissions and the waste disposal. 
The system boundaries include the expenditures of the recycling process, except 
for impacts of service and maintenance as well as the production plant and connected 
infrastructure itself, since the design is still not finalized. The production of 1 kg rTA is 
used as the functional unit. The inventory is mainly based on primary data collected from 
measurements and experiments at the pilot scale regarding the continuous processing 
of 14 kg/h of PET/PE waste fraction, complemented with calculations. The calculation 
of the elementary flows for the life cycle inventory is based on generic datasets from 
the ecoinvent database v3.7.1 [19]. For the life cycle impact assessment (LCIA), the 
characterization models described in the ReCiPe method [20] were used. 


3 Results and Discussion 


3.1 Process and Technology-Related Results 


The PET waste material was depolymerized in the twin screw extruder as described 
in Sect. 2.1. Since the PET content of the waste material is unknown, no degree of 
depolymerization could be calculated [15]. The analytical results are displayed in Table 
1 and show the obtained quality of the rTA in comparison with industrially produced 
purified TA (PTA) from crude oil. 


Table 1. Comparison of the rTA and rEG (revolPET) with virgin PTA and EG. 


Unit rTA_| typical values | Industrial rEG_| Typical Industrial 

for PTA specification values for EG | specification 
(virgin) for PTA (virgin) for EG 

Color L* | — 95 95 100 

Color a* |— —0.1 | —0.4 0.0 

Color b* | — 15: | 15 —0.2 

Moisture | %(w/w) | 0.1 0.1 0.2 1.3 0.05 <0.1 

4-CBA | ppm <5 | 10 <25 

4-MBS__| ppm 29 160 <170 

IA %(wiw) | 1.4 JO 

Hazen - TA 1.2 <10 1 1 <10 

DEG (w/w) 1.0 |0.03 <1.0 


It is shown that the values for the color and moisture of rTA match the indus- 
trial specifications and the typical values of PTA. Furthermore, the concentration of 
4-Carboxybenzaldehyde (4-CBA) and 4-Methylbenzoic acid (4-MBS) deceeds the typi- 
cal values of PTA. In contrast to the PTA, the rTA is a mixture of the isomers TA and IA. 
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IA is commonly added during the production of PET and influences the crystallization 
behavior of the material. It is therefore not considered an impurity. Concerning the rEG, 
the industrial specifications are as well met, except for the moisture content of the mate- 
rial. This may be tolerable during the polymerization process because water is removed 
from the polycondensation reaction equilibrium of PET. 

The recycled monomers were repolymerized in a lab scale experiment to assess the 
quality of the resulting PET. For comparison purposes, a polymerization experiment 
with the same reaction conditions was applied with virgin PTA and EG as reference. 
The results are displayed in Table 2 and show that the values deviate from the reference 
by 5.5 at L*, 0.8 at a* and by 3.1 at b*. The IV value of the recycled PET (rPET) is with 
0.599 dl/g in a comparable regime. 


Table 2. Comparison of the rPET from the chemically recycled monomers with virgin PET under 
identical lab conditions. 


IV/dl/g L* a* b* 
revolPET-PET 0.599 82.6 | —0.8 8.6 
Lab reference PET 0.606 88.1 | -1.6 5.5 


The rPET was furthermore analyzed for Non-Intended Added Substances (NIAS) by 
the Fraunhofer Institute of Process Engineering and Packaging. As a result, the recycled 
material follows the safety requirements of Article 3 of Regulation (EC) N° 1935/2004 
for food-contact applications. In conclusion it was shown that mono- and multilayer 
food packaging can be recycled by the revolPET process to produce rTA and rEG in 
high quality, sufficient to produce rPET that meets the industrial requirements. 


3.2 Environmental Assessment of the revolPET Process in the Current TRL 


The results of the LCIA were subdivided in two parts: (1)-significantly influenced by 
the technology; (2)-mainly influenced by the type of energy supply employed, correlat- 
ing with the available site infrastructure. This structure allows the presentation of the 
influence from TRL and the site infrastructure on the environmental assessment of the 
new developed recycling process. Figure 3 shows an excerpt of the LCA consideration, 
here the assignment of the environmental impacts with respect to the technology itself 
and the site infrastructure in the different impact categories. 

The share of the technology part shows a variety of trends. For the impact category 
climate change (CC) less than 30% of the potential environmental impacts results from 
the process itself. The hotspot analyses also shows that the infrastructure share is largely 
influenced by the heat demand. The heat supply here in TRL 4 is ensured by electricity due 
to the existing infrastructure in the pilot plant (Braunschweig, Germany). The distribution 
in the category of water depletion (WD) is reversed, more than 70% of the total potential 
environmental impact is caused by the process, here mainly by the auxiliary materials. 
The results of the hotspot and the scenario analyses are used as a guidance for an 
environmentally beneficial process development and design. Furthermore, the influence 


revolPET®: An Innovative “Back-to-Monomer” Recycling Technology 181 


land/soil 


water 


human HT 


MD 
resource 


air/atmosphere 


0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 


technology, TRL 4 E infrastructure 


Fig. 3. Excerpt of the LCA results using the characterization models of the ReCiPe method [20]. 


of boundary conditions and parameters are highly dependent on the actual development 
stage. 

Similarly, studies consider improving the TRL (TRL 4 a TRL 7) of the revolPET 
process as well as by changing the production site from the technical lab to an industrial 
park. Nevertheless, studies comparing the rTA production from the revolPET process 
with the fossil route are also conducted. Both, the increased TRL as well as the changed 
production site resulted in a significant reduction (14...34%) of the potential environ- 
mental impacts in all impact categories. The comparison of the revolPET process with 
the fossil production route of TA shows environmental benefits in the current develop- 
ment stage of the revolPET technology. For example, in a TRL 7 scenario, the potential 
environmental impacts in the category CC can be reduced by 33% by the revolPET 
process in an industrial park compared to the fossil production route. 


4 Conclusions and Outlook 


The innovative BMR revolPET technology was presented and discussed in this contri- 
bution. Regarding the process itself, revolPET presented a possible solution for PET 
composite materials, as the PET reacts selectively and continuously in a twin-screw 
extruder with depolymerization quotas up to 95% based on the PET fraction of the feed 
material under mild conditions (ambient pressure and 130 °C) and in less than 1 min. The 
produced monomers were analyzed, and it has been stablished that they have a similar 
quality as the virgin monomers. Looking at the environmental benefits of such innova- 
tive technology, the recycled monomers can reach a 33% reduction of CO2-emissions 
if their production in an industrial park is compared to the crude oil route. Furthermore, 
the caused environmental impact of the revolPET process can be reduced after scaling 
and optimizing the process. 
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For the further development of the revolPET process, a miniplant with a nominal 
throughput of 18 kg/h of PET composite waste is being built. It is planned to get a 
fully automated production, with heat and water recycling in the process, as well as the 
recovery of the valuable produced salt (Na-X) on his market specifications. In addition 
to these points, the application of the revolPET technology is being extended also for 
polyester composite textiles and should be addressed in following studies. 
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Abstract. Precision machining plays a vital role in modern, efficient, and sus- 
tainable manufacturing. Monitoring and controlling the clamping forces can influ- 
ence positioning accuracy, workpiece deformation, thus improving the production 
outcome. The clamping force must be adapted to the cutting forces, workpiece 
geometry, and material properties to improve accuracy and control workpiece 
deformation during machining. The best devices available have a repeatability 
of +1 um, however, with limited precision and repeatability when re-clamping 
the workpiece. This paper presents the newly developed high-precision adaptable 
clamping system for controlled high-precision positioning and repositioning of a 
workpiece in the x-y plane with visual pattern recognition, adjustment, and con- 
trolled clamping forces. The clamping system is based on a pneumatic clamping 
chuck with controlled air pressure on a very accurate CNC machine. FEA calcu- 
lations of thin-walled workpieces are used for designing associated jaws to ensure 
workpiece holding, limited forces and limited deformations. Once the workpiece 
has been removed and re-clamped with the defined forces, the vision device identi- 
fies the new workpiece position. Force and position data are collected and analyzed 
for calculating the repositioning movement in the x, y, and theta axes. The differ- 
ence between the measured position after re-clamping and the reference position is 
calculated using a specially developed algorithm, yielding the motion commands 
to the x, y and theta axis. Using the vision system made it possible to identify an 
accuracy of +1 um and a repeatability of 0.5 um. 


Keywords: Precision clamping - Position and force control - Pneumatic chuck 


1 Introductions 


Precision machining plays an essential role in modern and sustainable manufacturing 
in the automotive, aerospace, micro-machining, medical, robotics, and IT industries, 
including cutting, forming, and non-conventional processes. In machining, one of the 
challenges lies in re-clamping and repositioning the part after it has been removed and 
brought back to continue processing. Accurate re-clamping is a difficult task, which may 
require a long time to reposition and adjust the gripping force to avoid deflections and 
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deformations. Furthermore, often the workpiece must be held with small and accurate 
clamping forces to avoid deformation. However, the forces should be high enough to 
avoid or limit movement or deflection during machining. This paper describes the devel- 
opment and features of a precision pneumatic clamping solution for machining with 
controlled clamping forces combined with a very accurate visual position measurement 
device. In addition to improved quality, the new sustainable system provides shorter 
set-up times, simplicity in positioning and re-clamping, better control and selection of 
machining conditions, and fewer defective products and waste. The developed system 
allows for clamping force adjustment along the process chain, considering the machining 
conditions, thus improving quality, saving time, and reducing cost. 


1.1 State of the Art 


A high-precision method for machining flexible and accurate components using a pneu- 
matic chuck is presented in [1], including the development of a unique tilting device to 
control inclination. Monitoring and controlling the clamping forces can influence posi- 
tioning accuracy, workpiece deformation, thus improving the production outcome [2, 3]. 
In some cases, hybrid micro-machining techniques are implemented to achieve better 
performance [4]. A combination of work holding devices with sensing technologies and 
actuation systems is described in [5]. Different types of sensors, such as foils, piezo- 
electric devices, and strain gauges, can be used to measure and control the clamping 
forces [6]. In the current investigation, the calibration and experiments were carried out 
with strain gauges and piezo-electric sensors on a high-precision pneumatic chuck with 
three jaws for milling, produced by Henri Azaria, PAL, Israel [7]. The utilized machine 
vision technology is similar to the two CCDs used to measure tool positioning errors and 
compensation [8]. The limitations of position repeatability for workpiece re-clamping 
are based on geometrical tolerances, deformations, and clamping elements [9]. 


1.2 Definition of Goals 


This investigation aims to define, simulate, develop, and analyze a clamping solution with 
controlled forces and a high-precision positioning device, especially for small and/or 
thin-walled workpieces. The new adaptive clamping system uses a pneumatic chuck 
with force-controlled jaws corresponding to the air-controlled pressure, combined with 
a visual pattern recognition device enabling repositioning of the workpiece to ensure 
high positioning repeatability when re-clamping and during machining operations. The 
developed visual method for position recognition includes special and unique algorithms 
for position assignment and controlled motion of the machine table to provide accuracy 
and repeatability of +1 um. The x and y motions are combined with table rotation and 
can use the method and inclination device for the z axis positioning [1] and z motion of 
the cutting tool. 
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2 The Developed Position and Force-Controlled Clamping System 


2.1 Features and Functions 


The high-precision system is designed to enable clamping and re-clamping with very 
accurate positioning of up to +1 um. It is essential to adjust the clamping force to 
avoid deflections and deformations of the workpiece. The workpiece position after the 
first clamping is identified and measured using a high-precision vision device with a 
CCD camera. Force and position data are collected and analyzed for calculating the 
repositioning and the motion of the machine’s x and y axes. Once the workpiece has 
been removed and re-clamped with the defined forces, the vision device identifies the 
new workpiece position. The difference between the measured position after re-clamping 
and the reference position is calculated, yielding the motion command to the x, y, and 
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Fig. 1. The high-precision clamping system, (a) Experimental set-up for force measurement and 
force control, (b) Pneumatic chuck with three jaws equipped with strain gauges, (c) Clamping 
system on the machine tool with the vision set-up. 
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Figure 1 shows the experimental set-up of the newly developed system with the 
pneumatic chuck, the vision set-up for position recognition, and the jaws with strain 
gauges for clamping forces measurement. The device is mounted onto a high-accuracy 
rotating table for angular positioning, which in turn is mounted on the highly accurate 
CNC machine tool table (Fig. 1 (c)). 


2.2 Force and Pressure Control of Clamping Forces 


Figure 2 shows a block diagram depicting the architecture of the force and pressure- 
controlled pneumatic chuck. The high-precision clamping system enables adaptive work- 
piece holding and repositioning with force-controlled clamping jaws. The air pressure 
is supplied from an external source while controlling the pressure regulator and flow 
direction using a 5/2 valve (Fig. | (a)). The three jaws are equipped with strain gauges to 
control the clamping forces (Fig. | (b)). The force signals are transferred to a USB data 
acquisition system controlled by a PC with LabView Software. Based on the principle 
of identical pressure and clamping forces on all three jaws, it is sufficient to control the 
force on only one jaw in industrial applications. If the clamping force values are directly 
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Fig. 2. Block diagram of the pneumatic chuck with controlled clamping forces and air pressure. 


proportional to the air pressure and can be used in a wider range, force control can be 
maintained. 

The clamping forces for the three jaws with strain gauges are measured and controlled 
during the experiments. The jaws’ design, material, and features should correspond with 
the range of the clamping forces, the workpiece properties, and the machining conditions. 
Different types and structures of jaws are designed and calibrated on the device shown in 
Fig. 3 (a). The deformation under variation of clamping forces is simulated using FEA 
(Fig. 3 (c) and 3 (d)). The jaws are equipped with force sensors to control the applied 
forces during clamping motion to secure minimum holding forces, avoid overloading, 
and secure clamping forces under machining conditions. The strain gauges are glued 
onto the zone with maximum deformation to obtain precise results and high resolution 
(Fig. 3 (b)). After preliminary tests with various materials (plastic, aluminum, steel), 
jaws made of steel are selected for testing the pneumatic chuck. 
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Fig. 3. (a) The force calibration device, (b) Steel jaws, with glued strain gauge, (c), Deformation 
of a closed profile jaw using FEA, (d) Deformation of an opened profile jaw using FEA. 


The required gripping force range is F < 300 N, evaluated using FEA of thin-walled 
tubes and low to medium cutting forces. The calculated and measured deformation with 
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closed profiles is too low compared to the opened profile. The tests are evaluated with 
800 N and a maximum strain of 600 p. 


2.3 FEA of Thin-Walled Workpiece 


The developed system is designed to eliminate overloads to limit or control the defor- 
mation of the workpiece. Strains and stresses over a certain value may result in plastic 
deformation and inaccuracies of the finished product. Machining when the component is 
under elastic deformations will result in inaccuracies of the finished component. There- 
fore, it is essential to minimize and control the clamping force. Figure 4 presents an 
example of an FEA model, calculating the maximum deformation of a 0.2 mm thin- 
walled aluminum tube. When using 300 N clamping force on each jaw, the maximum 
calculated deformation is 0.5 mm. 


Fig. 4. Deformation of a cylindrical tube using FEA, (a) Clamping forces of the three jaws 
pneumatic chuck, (b) Calculated deformation of an aluminum tube using FEA. 


2.4 Combination of Force Control, Vision Device and Motion Control Algorithm 


The block diagram in Fig. 5 describes the workpiece movement procedure to the ref- 
erence position, controlled by the vision device for position identification and by the 
clamping forces, using the high-precision CNC machine tool and an adjusted algorithm 
developed during this investigation. 

The clamping system combines the pneumatic chuck for holding the workpiece 
within a defined holding force range and the visual position identification system for iden- 
tifying the workpiece position and providing data to move and/or rotate the workpiece 
with the chuck in the x-y plane. 
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Fig. 5. Block diagram depicting the algorithm for visual position identification, moving the 
workpiece to the required position, and controlling clamping forces using the air pressure. 


3 Test Procedure and Test Results 


The selected jaws are calibrated with strain gauges at Braude College in Israel and 
with a force cell using a piezo-electric device at Fraunhofer [WU in Germany. The 
visual identification method is tested on the high-precision CNC machine tool with HV 
indentation marks. Investigations are carried out regarding the accuracy and repeatability 
of workpiece position, combined with the vision system, and the correlation between air 
pressure and clamping forces. 


3.1 The Vision Device for Position Recognition and Repositioning 


The vision device has a very high resolution of 0.002 um in the x and y direction, 
0.05 um in the z direction, and a resulting repeatability of 0.1 ym. 

The digital CCD image of the three indentations on the clamped demonstrator iden- 
tified and presented the pattern location in x, y, and z coordinates with a pixel resolution 
of 1 um. A subpixel resolution of the pattern recognition uses the light intensity with 
8-bit information for a position accuracy of 0.1 jum. The camera for pattern identifica- 
tion of the HV pattern center point uses image contrast information, depending on the 
illumination and surface reflection in confocal microscopy. 

Preliminary testing of the vision recognition device, its accuracy, and repeatability are 
carried out on a demonstrator equipped with three HV (Hardness Vickers) indentations. 
Figure 6 shows the patterns of the three HV indented marks, the reference position A 
and the new position B after re-clamping (Ax and Ay). The position identification after 
re-clamping is used to calculate the required machine tool movement relative to the 
reference point. After repositioning the reference point, the workpiece with the chuck 
can rotate to ensure the repositioning of the additional two points. The center points 
of the indentation patterns in the optical coordinates are transferred to the coordinate 
corrective values in the x and y directions and to the motion axes drives. Finally, the 
pattern center point of the new position is moved to the reference point using the x 
and y axes of the machine coordinate system. The complex position identification is 
characterized by a very high repeatability of less than 1 um for pattern identification. 


190 U. Ben-Hanan et al. 


New 
position (B) 


Reference 
position (A) 


Fig. 6. (a) Motion of the demonstrator from the reference (blue lines) position to the new position, 
(b) Identifying the new and reference positions with three HV indentations. 


3.2 Accuracy and Repeatability of the CNC Machine Tool 


Tests are carried out on the CNC machine tool without re-clamping the workpiece to 
define the accuracy and repeatability of the new clamping device. Figure 7 (a) shows the 
tested high-precision machine developed at Fraunhofer [WU with the pneumatic chuck 
and the CCD camera. Figure 7 (b) presents an example of the accuracy and repeatability 
of two points (1, 2). The machine tool is moved a few times from the (0:0) position, 
measured with the vision system, and back to the reference position. The accuracy values 
are high, mostly <1 um, with few exceptions, and the repeatability values are very high, 
<l um. 


Accuracy (um) 


x1 Y1 X2 Y2 


9 1.975 0.35 0.833 0.367 
= Repeatability +(um) 


x2 X1 
AX1 = AY1 AKZ. AYZ 


0.05 0.05 0.75 0.25 


Fig. 7. (a) The high-precision CNC machine with the pneumatic chuck, (b) Accuracy and 
repeatability results. 


3.3 Force Measurements with a Kistler Device as a Function of Air Pressure 


The investigations are carried out on the pneumatic clamping chuck with simultaneously 
moving jaws. The tests checked the correlation between the air pressure and the clamping 
force. In this case, it is sufficient to measure the clamping force on one of the jaws. 
Figure 8 (b) shows the measurement set-up using a Kistler 9317B. The air supply inlet 
pressure varies from 1.0 to 7.0 bar. 

Three repetitions are performed for every pressure step showing a constant increase 
with the pressure (Fig. 8 (a)). The blue line A is measured with permanent pressure 
without stopping the pump; the red line B illustrates force values measured after stopping 
the pump but without releasing the pressure, which means that the clamping forces are 
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reduced by approx. 10%. When decreasing the inlet air pressure, the clamping forces 
will not drop immediately due to the chuck’s design and friction conditions. 


1,200 
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600 range F, 0..2.000N) 
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Fig. 8. (a) Forces as a function of air pressure level (*identical to manufacturer’s specification). 
(b) Force measurement set-up for a single jaw. (c) The pneumatic chuck with central piston and 
wedge acting on the three jaws. 


Figure 8 (c) demonstrates the area between the wedge and the three clamping jaws 
influencing the friction forces; thus, the clamping forces are also influenced. After clamp- 
ing, these friction forces eliminate the immediate release of the jaws with decreasing air 
pressure. Therefore, the air inlet pressure can only be used as a clamping force sensor 
during increasing air pressure but is limited as a parameter during pressure release. Using 
a force measurement on one jaw can provide higher accuracy and should be preferred. 


4 Conclusions and Further Developments 


This paper presents a new adaptable clamping system for controlled high-precision 
positioning and repositioning of a workpiece in the x-y plane with visual pattern recog- 
nition, adjustment, and controlled clamping forces. Reproducible position correction and 
clamping of workpieces with a pneumatic chuck were investigated, evaluated, and com- 
bined, forming the new adaptive workpiece clamping device to ensure high positioning 
repeatability during re-clamping operations, and different machining processes. 

The clamping device’s position corrections and force control are based on a vision 
system and accurate force control. The design of the associated jaws is based on FEA to 
ensure workpiece holding, limited forces, and limited deformations. The visual pattern 
recognition is tested with a pneumatic clamping chuck on a high-precision CNC machine 
tool, providing very high accuracy and excellent repeatability. The authors are currently 
developing a new device with three piezo-electric motors for micro-machining with 
lower forces and very high accuracy. 
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Abstract. In machining, high mechanical and thermal loads are exerted on a small 
area of the tool where it interacts with the workpiece. Despite limited interaction 
space, extensive use of cutting fluids (CFs) is inefficiently used to improve the 
machining process and increase productivity. In order to minimize CFs’ negative 
impact on health, environment and financial burden, various strategies have been 
developed and studied to optimize their use including minimum quantity lubrica- 
tion. In this research, initial period of chip formation (IPCF), that occurs during 
a narrow window of space and time at the beginning of the cut, is closely investi- 
gated in an orthogonal machining setup. During IPCF, low mechanical loads were 
observed. The existence of IPCF is further investigated under interrupted cutting 
process at prescribed intervals in order to sustain its positive effects. In addition, 
2D numerical chip formation friction model is proposed. The numerical model 
comprises a friction criterion dependent on tool temperature that is observed to be 
associated with a transient friction regime. 


Keywords: Initial period of chip formation - Interrupted machining - MQL - 
Simulation - Sustainability 


1 Introduction 


In processing materials by machining, cutting fluids (CFs) are commonly used to improve 
product quality and enhance productivity. CFs extensive use imposes increased risk to 
health and environment [1]. Therefore, eliminating or minimizing their application has 
been a subject for many researchers. Despite their limited requirement in time and space, 
superfluous volumes are being supplied, e.g. in flood strategy. 

Dry machining can be the best way to sustain health and environment. However, 
it cannot be realized in many machining applications due to poor product quality out- 
comes, increased tool wear and reduced productivity. Therefore, rational consumption 
and optimization of CFs have been researched. For instance, minimum quantity lubri- 
cation (MQL) has been successful in many machining applications where very low 
consumption of CFs can be realized [2]. 

While it is important to observe the effectiveness of CFs for enhancing machinability 
in terms of machined surface quality and improved material removal rate, it is quite 
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essential to understand and fundamentally explore the physical and chemical limitations 
that bound their effectiveness. In particular, the theory of varying contact conditions 
within tool-chip interface (i.e., sticking and sliding zones) [3-5] can shed the light into 
better understanding where CFs can provide lubrication and/or cooling. High thermal 
and mechanical loads, which exist between tool and workpiece, work against proper CFs 
access to the contact areas where it is most needed. For instance, high normal and shear 
stresses, located close to the cutting edge, squeeze the lubricant film out of the contact 
area leaving it to as minimum as the average height of the asperities [6]. Moreover, high 
temperatures that may reach up to the melting point of the workpiece leave no chance 
for CFs to provide almost any lubrication action. 

It has been observed that interrupted machining can enhance the machinability of 
low thermal conductivity materials such as stainless steels, titanium or nickel-base alloys 
(e.g. Inconel 718) [7, 8]. These difficult-to-cut materials require relatively low cutting 
speeds to avoid high temperatures caused by poor heat dissipation out of the tool-chip 
interface that is rather carried away with the removed chips. In continuous machining 
operations such as turning or drilling, the cutting tool is intimately engaged with the 
workpieces for long period of time. As a result, CFs’ actions are restricted or even 
absent after a short distance of cutting. Lubricant effect supplied in pockets along the 
cutting path was investigated by Saelzer et al. [9]. Significant reduction in mechanical 
loads lasted a finite period of cutting time after exposure to the lubricant. Itoigawa et al. 
[6] investigated the effect of MQL in interrupted machining of an aluminum alloy where 
transient reduction of feed forces was observed at the beginning of cutting intervals. 
For efficient application of CFs, it is still necessary to fundamentally investigate the 
boundaries of interrupted machining characteristics in relation to machining setup and 
environment. 

In this study, initial period of chip formation (IPCF), where low tool-chip contact may 
occur within a finite cutting length, is closely investigated in an orthogonal machining 
setup. Mechanical loads were observed and the existence of IPCF is further investigated 
under interrupted cutting process at different intervals. Moreover, 2D numerical chip 
formation model is proposed to better understand IPCF mechanisms. 


2 Methodology 


In order to investigate the contact condition at the start of the cut, stepped workpieces 
allowing for variable cutting lengths were prepared, as shown in Fig. 1. The evolution 
of contact as appears on the tool is examined. The total tool-chip contact length le on 
the rake face of the tool was measured until the end of adhesion marks taking into 
account the development of sticking and sliding zones that appear progressively on 
the rake face. Moreover, slotted workpieces were prepared to investigate the influence 
of interrupted cutting on sustaining IPCF. IPCF effect was modelled using 2D chip 
formation simulations with modified friction model. 


2.1 Tools and Materials 


The machine tool used was a custom-built CNC machine that allows fundamental anal- 
ysis of chip formation in orthogonal cutting, see Fig. 2. A three-axis piezoelectric 
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dynamometer type 9263 (Kistler AG) was used to monitor process forces during machin- 
ing. Synthetic MQL oil Vascomill MMS HD 1 (Blaser Swisslube AG) was applied on the 
rake face using air brush prior to the cutting occurrence during continuous cut and sup- 
plied as MQL during interrupted cutting trials. Optical microscope VHX5000 (Keyence 
GmbH) was used for taking rake images and quantifying tool-chip contact zones. 

As workpiece material, austenitic stainless-steel alloy X8CrNiS 18-9 (1.4305) was 
used. The specimens were separated from a round workpiece, using waterjet machining. 
The workpieces had a width of b = 2 mm. Stepped workpiece (WP-A) with cutting 
lengths Le = 2 ... 108 mm were prepared. Additionally, slotted workpieces (WP-B) 
were prepared with cutting length Le = 8 mm and different interruption lengths Lint = 
4... 24 mm. 


Dimensions are in mm A A 
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Fig. 1. Workpieces geometry (left) and experimental Setup (right) 


Tool holder CTFPL2525M16 with uncoated tungsten carbide (WC) inserts 
TPGN160308H13A from manufacturer Sandvik were used. The cutting insert has a 
triangular shape with cutting edge radius measured at rg = 8 um. Uncut chip thickness 
was kept constant for all trials at h = 0.2 mm, as well as the rake angle of yo = 6° 
and the clearance angle of ag = 5°. The cutting speed was varied in the range of ve = 
30, 60 and 90 m/min. 


2.2 2D Chip Formation Simulations 


Two-dimensional (2D) numerical chip formation simulations were carried out using 
DEFORM 2D V12.0. Adaptive meshing was provided in both bodies to enable an effi- 
cient calculation and the detailed resolution of the effective zones. Minimum element 
size was set at 6 ym and the maximum element size was set at 50 um. For the flow 
stress modeling, a Johnson and Cook model was used, see Fig. 5. Model parameters 
were obtained from Lee et al. [10] for comparable stainless-steel alloy AISI 304. For 
simulating serrated chips, a Cockcroft-Latham damage criterion was considered to have 
acritical value at 150 and the flow stress reduces to 35% of the original flow stress value. 
Tool thermal conductivity was a function of temperature according to Vornberger et al. 
[11]. 
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Tool-workpiece friction was modeled as hybrid friction, where the friction is consid- 
ered as shear friction within sticking zone and as Coulomb friction within sliding zone. 
Coulomb friction coefficient varies between two values depending on tool temperature. 
The maximum and minimum values were selected at min = 0.15 and Umax = 0.5 ana- 
logues to dry and lubricated conditions, respectively. The transition temperature was set 
at Tert.oil = 200 °C corresponding to lubricant flash point according to manufacturer 
literature. In the simulation, the friction occurs in element level. Hence, the increase in 
overall friction changes gradually to a plateau when the temperature of tool elements 
in-contact exceeds T ert.oil- 


3 Results and Discussions 


3.1 Initial Chip Formation and Correlated Low Tool-Chip Contact 


Chip formation undergoes complex physical evolution during machining process. In 
particular, at the start of the cutting interval, a transient behavior appears to exhibit an 
interesting behavior where low mechanical loads can be observed. It is quite important 
to understand how such development occurs, its limiting criteria and influencing factors. 
Figure 2 shows mechanical loads and calculated coefficient of friction during orthogonal 
cutting. 


Tool: Uncoated WC Workpiece mat.: 1.4305 Lubrication: Wet, Dry 
h=0.2 mm b=2mm L, = 53 mm (A), 18 mm (B) 
V, = 30, 60, 90 m/min yy = 6° 
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Fig. 2. Mechanical loads during IPCF (A) using different speeds (B) Mechanical loads at Le = 
18 mm and ve = 30 m/min and calculated coefficient of friction (COF) 


The passive force Fp is affected to large extent by the friction in the secondary 
shear zone where the rake side of the tool contacts the forming chip. Contaminants (e.g. 
lubricants and oxides) and tool surface characteristics such as roughness and coatings 
are main factors that determine contact behavior within tool-chip interface. 
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When observing mechanical loads at IPCF, low forces were detected with more 
reduction associated with the passive force Fp. The reduction in measured forces occurs 
only at the beginning of the cut. The transient region appears to reach a plateau at specific 
cutting length irrespective of the cutting speed. This observation may indicate possible 
temperature-related phenomenon that promotes adhesion and severe friction. 

To investigate the history of the contact during IPCF, adhesion on the rake face 
resulting after machining different cutting lengths was examined. An area of intimate 
contact that is located towards the cutting edge, where no adhesion marks, is considered 
as the sticking zone while the region with adhesion marks is considered the sliding zone. 
Figure 3 summarizes measured contact lengths. 


Tool: Uncoated WC Workpiece mat.: 1.4305 Lubrication: Wet 
h = 0.2 mm b=2 mm L= 2 ... 108 mm 
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Fig. 3. Tool-chip contact zones measured as appears on tool’s rake face 


The sticking zone develops gradually as cutting progress reaching a stable value 
after some cutting length. Qualitatively, the development of sticking area is analogues 
to observations related to cutting forces. The full contact might have been delayed by 
contaminants that exist during initial chip formation. 

IPCF appears to result lower mechanical load and lower chip-tool contact. However, 
to this point, IPCF analysis has been applied to single cutting occasion. Since the effects 
of IPCF are temporary, the goal is to maintain the favorable effects through interrupting 
the cutting process. 


3.2 Interrupted Machining 


As can be noticed form previous section, the effects associated with IPCF are transient 
and cannot be sustained after finite cutting distance. Therefore, interrupted cutting can 
offer an opportunity to sustain the favorable effects associated with IPCF. During cutting 
interruption, spatial and temporal windows can offer a potential to cool the tool down 
and restore contamination layer (e.g. lubricant film). 
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Cutting length was fixed, to be within IPCF range, at Le = 8 mm. Interruption 
length Lint was varied within range Lint = 4 ... 24 mm. Each workpiece has a constant 
interruption length Lint. Figure 4 (A) illustrates calculated COF = (Fp + Fe tanyo)/(F'e — 
Fp tanyo) of four consecutive cutting intervals for two outermost cases at Lint = 4 and 
Lint = 24 mm. The average work of single cutting intervals W after the first interruption 
of different interruption lengths was calculated and summarized in Fig. 4 (B). 
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Fig. 4. Interrupted cutting under MQL with varying interruption length 


Interruption can be rather important for sustaining the effects of IPCF. At short inter- 
ruption length limited chance is available to clear the chips, cool down the tool and 
restore contamination layer. On the other hand, as interruption duration increases by 
means of interruption length, subsequent cutting intervals exhibit repeatable behavior 
comparable to the first cutting interval. Average work per cutting interval continues to 
decrease as interruption length increases in a direct correlation to interruption effective- 
ness. It is still important to investigate which physical characteristics contribute the most 
into IPCF. Hence, 2D chip formation model is proposed in the next section. 


3.3 2D Chip Formation Simulations 


2D chip formation finite element (FE) simulation model is proposed consisting of a 
modified hybrid friction model that includes a transition friction coefficient as a function 
of tool temperature T joo). The transition temperature was selected to be lubricant flash 
point at Tcrit.oi1 = 200 °C. Selected simulation parameters, force, COF and maximum 
simulated tool temperature are shown in Fig. 5. 

The modified friction model was able to reveal a transition range, characterized by 
passive force, representing initial chip formation that is very close to experimental results. 
In simulation, total tool-chip contact was 0.28 mm and 0.50 mm at 2 mm and 10 mm 
cutting distance, respectively, which are within comparable magnitude to experimental 
results shown in Fig. 2. 
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Fig. 5. IPCF 2D FE chip formation simulation with oil temperature (OT) friction criterion 


However, there were issues concerning force levels. On average, the cutting force 
appeared 20% higher and the passive force was 12% lower. A possible cause might be 
related to fundamental limitations of Johnson-Cook flow stress model at high temper- 
atures in combination with high strain rates [12]. Also, force fluctuation range due to 
serrated chip formation both at low and high friction regimes appeared different than 
experimental results. That could be attributed to tool-workpiece dynamics that were 
not included in the present model. Improvements about flow stress model and system 
dynamics are still required to achieve better simulations results. 


4 Conclusion 


Initial period of chip formation (IPCF), which occurs at the start of the cutting pro- 
cess, was observed to exhibit reduction in mechanical load and low tool-chip contact 
in comparison with steady state condition. Characterization of IPCF can be beneficial 
for improving continuous machining processes by introducing interruptions along the 
cutting path. Cutting fluids (CFs) working action can be improved during IPCF leading 
to targeted and efficient CFs application and improved sustainability. 

The present investigations indicate a finite cutting length where transient IPCF effects 
do exist before diminishing at steady state. In order to maintain IPCF, adequate cutting- 
free period is required. There seems to be a relationship between adhesion on the rake 
face of the tool and the end of IPCF. The sticking contact appears to develop gradually 
within IPCF until it reaches a final size. This delay indicates an apparent relationship 
between contaminants resistant to ablation and mechanical loads. Enhanced performance 
of MQL under interrupted cutting within IPCF was observed. The repeatability of IPCF 
is affected by interruption size. IPCF appears to be insensitive to cutting speed and a 
finite cutting length can be identified. The proposed modification in the friction model 
in FE simulations was capable of producing a transition period analogue to IPCF. 
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More investigations are required to study IPCF of different materials particularly with 


different thermal properties. Opportunities exist for improvements about IPCF modeling 
considering tool-workpiece dynamics and enhancing flow stress and friction models. 
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Abstract. Cryogenic minimum quantity lubrication (CMQL) represents a com- 
promise satisfying both efficiency and sustainability in many manufacturing pro- 
cesses. In previous series of experiments a variation of the thermodynamic state of 
the cryogenic medium taken from riser bottles could be observed. Consequently, 
the aim of this study was to specifically control the thermodynamic state of the 
CO and, associated with this, the density after removal from the riser bottles. To 
achieve this objective conventional cooling was implemented for the CO after 
withdrawal from the riser bundle in order to have a constant liquid state of the 
CO» during feeding. The density of the cryogenic medium could be raised from 
p = 550 kg/m? to over 800 kg/m at a mass flow rate of mco2 = 5 kg/h with the 
applied cooling method and can also be stabilized regarding the density pulsa- 
tion. Subsequently, the effects of temperature-controlled CO? on the sprayability 
and solubility in CMQL were examined and resulted in increased atomization of 
the oils and widening of the spray corridor with a greater main spray length and 
intensity. In addition stable conditions for the CMQL-supply to the manufacturing 
process were achieved by a lower pulsation of the CO2-oil mixture. 


Keywords: CMQL - Liquid carbon dioxide - Bio-based lubricants 


1 Introduction 


Continuous development of cooling lubricants and cooling lubrication strategies is nec- 
essary in order to be able to meet the growing requirements for the machining of high- 
temperature materials and alloys in the future. In addition, the goal of sustainable design 
of manufacturing processes must be pursued. Based on these requirements, cryogenic 
minimum quantity lubrication (CMQL) has been developed in recent years. To inves- 
tigate the properties of the two media CO2 and oil during the joint feed to the tool 
cutting edge, selected lubricant experiments are carried out to investigate the influence 
of temperature-controlled carbon dioxide on sprayability and solubility in CMQL. A 
conventional cooling is implemented for the CO7 after withdrawal from the riser bundle 
in order to guarantee a constant liquid state of the medium during the supply. 
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2 State of the Art 


In this chapter, the bio-based CMQL and the physical and chemical properties of CO2 
are explained in more detail. 


2.1 Cryogenic Minimung Quantity Lubrication with Bio-Based Oils 


In CMQL, a minimal amount of oil is added to the cryogenic medium (liquid CO2 (LCO2) 
or liquid nitrogen (LN2)) to ensure sufficient lubrication in addition to cooling of the 
contact zone. Thus, the advantages of the two cooling lubrication strategies MQL and 
cryogenic cooling can be used synergetically. The CMQL-supply can be divided into an 
external supply to the machining zone or an internal supply through the machine spindle 
and tool. Furthermore, the two media can be fed separately using a so-called two-channel 
solution or as a mixture in a one-channel system. The solubility and flow characteristics 
of a multiphase mixture do not have to be taken into account when the media are supplied 
separately. In addition bio-based oils can be used to increase the sustainability of the 
CMQL. A bio-based lubricant can be declared as such, if its proportion of renewable raw 
materials is at least 25 percent and its degradability is more than 60 percent. Triglycerides 
can be cited as examples of bio-based lubricants. These are esterified glycerol to which 
three fatty acids are bound. The configuration of the fatty acids and their state of saturation 
determine the chemical and physical properties of the lubricant. [1]. 

A one-channel CMQL system was developed in 2015 at the REP-chair [2]. Extensive 
research on the use of bio-based oils for CMQL has already been carried out with this 
system. The influence of fatty alcohols, mineral oils, synthetic and natural esters on 
the milling of Ti6A14V compared to conventional flood cooling resulted in the highest 
tool life when using and natural esters with CMQL [3]. Further investigations on the 
influence of bio-based base oils and additive oils on the solubility and sprayability and 
on drilling, milling and turning of stainless steel and roller bearing steel confirm the 
high potential using natural esters for CMQL compared to conventional flood cooling 
with regard to longer tool life and reduction of wear and forces [4, 5]. This results in 
economic and ecological advantages, while increasing the process efficiency. 


2.2 Properties of Carbon Dioxide 


Carbon dioxide exists in four states: solid (s), liquid (1), gaseous (g) and supercritical 
(sc), see p-T diagram in Fig. la. At the triple point, the three phases (s, 1 and g) are in 
thermodynamic equilibrium. At ambient pressure (1.013 bar), the temperature of CO2 
is T = —78.5 °C. In this state, CO exists in a solid aggregate and is known as dry ice. In 
the range of these pressure and temperature regions, solid CO2 changes directly into the 
gaseous phase during phase transformation and sublimates afterwards. Several scientific 
studies have already dealt with the thermodynamic processes during cryogenic cooling. 
Kramer investigated the thermodynamic process of carbon dioxide within the feed and 
the nozzle and Pursell investigated the exit mechanism of carbon dioxide after the nozzle 
in more detail, defining the mechanisms that occur [6, 7]. Since the cooling effect of 
CO2 is primarily generated by the sublimation of solid into gaseous phase, too high 
proportion of gaseous CO? can reduce the cooling effect. Another cooling effect occurs 
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immediately after exiting the nozzle. This phenomenon is known as the Joule-Thomson 
effect. According to this, a throttled pressurized gas expands once it has left the nozzle, 
losing additional temperature in the process [8]. 

When assessing the solubility of two substances, the principle “like dissolves in like” 
often applies. This refers to interactions between molecules, which are described with 
the aid of the polarity of a substance. In general, a mixture is understood as a substance 
formed from two pure substances. In a heterogeneous mixture, the two substances are 
in separate phases (multiphase), and in a homogeneous mixture, the two media have 
mixed completely at the molecular level and the state corresponds to a single-phase 
aggregate state. The physical properties of the mixture are determined by the respective 
proportions of the mixed media. 
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Fig. 1. a. CO2: p-T diagramm. b. T-x diagramm (right). 


Depending on the thermodynamic state the variables pressure, temperature or vol- 
ume, and the composition of the mixture can change. This is usually represented in a 
T-x diagram, where the temperature T is plotted against the proportion x of the mixture 
partners involved. The value range of the diagram is divided into the states heteroge- 
neous and homogeneous mixture, for example, with the aid of a parabolic line. With a 
T-x diagram, it is now possible to determine, those mixture configurations consisting of 
temperature T and substance fractions x in which either complete mixing (1) is possible 
or two separate phases (1’ + 1”) occur. The area enclosed by the segregation curve is 
therefore also referred to as the mixing gap. Figure 1b shows, for example, a change in 
state of a mixture from A to B when the temperature is lowered. In this case, state A 
describes a homogeneous mixture, and if the temperature is lowered from T, to Tg, the 
phases separate when the area enclosed by the segregation curve is reached. 

The aim of this investigation is to influence the thermodynamic conditions in order 
to be able to realize a process-safe and thus low-pulsation feed of the CO2-oil mixture 
into the process zone which is more independent of the initial state of the COz, e.g. with 
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regard to fluctuating densities. Furthermore, the influence on sprayability and solubility 
will be investigated as a process property of CMQL for machining. 


3 Experimental Setup 


In this chapter, the experimental boundary conditions are considered. The cryogenic 
mixing system with temperature-controlled carbon dioxide through pre-cooling, the oils 
investigated and the setup for the sprayability and solubility tests are explained. 


3.1 Cryogenic Mixing System with Temperature-controlled Carbon Dioxide 


The temperature and pressure conditions during the feed of the two media illustrate the 
changes of the CO2 aggregate state within the CMQL-system developed at the REP 
chair [2], see Fig. 2. The system consists auf an HPLC-pump, a coriolis sensor and an 
oil reservoir. The CO7 taken from the riser bottles is pre-compressed at T = 20 °C with 
a pressure of p = 50.37 bar. The CO, remains in this state until it enters the nozzle 
(1). Inside the nozzle (2), the atmospheric pressure outside the nozzle causes a pressure 
equalization. The pressure drops to p = 5.18 bar, at a temperature of T = —56.6 °C. At 
the triple point the COz is present in the three aggregate states: gaseous, liquid and solid. 
At the nozzle outlet (3) prevails directly atmospheric pressure of p = 1.013 bar. The 
CO reaches its minimum temperature of T = —78.5 °C and dry ice is formed, which 
sublimates as it equals the ambient temperature. 


—78,5 °C WOC 
1,013 bar 50,37 bar HPLC- 
—56,558 °C 


5,18 bar 


coriolis sensor coriolis 
sensor 
shut-off valve 


liquid 


critical 
point 


pressure p —> 


JE triple point 


sublimation point gaseous 


CO, channel 
J 


-100 -50 °c 50 
temperature T — 


Fig. 2. Cryogenic mixing system REP chair [9] 


For a safe application of the system with low pulsation, the CO2 must be in a stable 
liquid state at the system inlet. Changes in ambient conditions, e.g. lower temperature, 
low CO; level or defects in the riser bottles, can lead to an increasing gas phase ratio and 
a lower CO? density. A pre-study was carried out at the chair to increase the density by 
cooling the CO2 supply line. Figure 3a describes the experimental setup where cooling 


206 T. Meier et al. 


is achieved by means of a cooling circuit in which a water tank (V = 50 1) is cooled to 
a constant temperature of T = 4 °C and the CO2 is fed through a pipe with a length of 1 
= 6.5 m. The aim of CO? cooling is to maximize the liquid ratio of CO2 arriving at the 
mixing valve of the one-channel CMQL system. Since the cooling effect of the CO3 is 
primarily generated by sublimation, this can be optimized by subsequent liquification of 
the CO7 in the feed. The CO2-temperature (with a mass flow rate of mco2 = 5 kg/m) was 
reduced from T = 21 °C to T = 14.84 °C and the density was increased from 550 kg/m? to 
over 800 kg/m?. The thermodynamic relationships are explained using the T-s diagram, 
see Fig. 3b. Initial state 1 (T = 21 °C, p = 57.3 bar, p = 500 kg/m?) characterizes the 
CO7 as it exits the bundle and describes a state within the wet steam region. If a cooling 
effect is exerted on the CO? at constant pressure, the density increases as the temperature 
decreases (state 2). This causes a shift of the COz state to the boiling line, and a stable 
liquid state is achieved. 


oil mixing 
CO,- heat coriolis pump fo valve 
bundle exchanger sensor 

shut-off i 


nozzle 


mano- 
meter 


4,0 4,5 5,0 Spec. entropy 
[kj/kgk] 


(a) (b) 


Fig. 3. a. T-s diagram COp, b. experimental setup. 


3.2 Base Oils 


In previous test series, it was shown that the properties of the base oil are decisive for 
the mixing and spraying behavior in CMQL. The three base are hydrocarbons, natural 
esters and synthetic esters. The chemical structure an RRM content is shown in Table 1. 


Table 1. Examined oils 


name chemical structure content 
(Renewable Rawmaterial) 

KW 01 renewable 75-99% 

NE 03 triglyceride 100 % 

SE 09 monoester >50 % 


KW: natural hydrocarbon; NE: natural ester; SE: synthetic ester 
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3.3 Dynamic Solubility and Spray Pattern Tests 


The solubility processes during the single-channel feed of the two media oil and CO2 
can be investigated with the aid of a high-pressure viewing cell. The cell developed 
at the REP chair is used in a coupled experimental setup with the free jet nozzle to 
investigate the spray pattern. This combination of the dynamic solubility test and the 
spray pattern test results in an increased significance of the results, since the processes 
in the free jet can be put into a direct relation to the flow behavior in the cell. The two 
high-speed cameras used each document a partial test. The recording parameters and the 
experimental setup of the nozzle with lighting and camera are summarized in Fig. 4. 


dynamic solubility and spray pattern tests 


BaF” a 


high-pressure $ 
viewing cell = 


oil supply 5 s . a 
channel F a 
Ais high-speed camera 
> \ photon 


CO, supply i “ high-sped camera 


and outlet channel : keyence 
experiment dynamic solubility spray pattern 
camera Keyence VW9000 Photon FASTCAM SA-Z 
exposure time 1/900.000 s 1/800.000 s 
frame rate 10.000 fps 40.000 fps 
resolution 640 x 192 pixel 1024 x 512 pixel 
lighting front view luminaire LED lamp from behind 
recording time ca 1,5's 0,05 s (2000 images) 
slow motion x 666 x 1000 


Fig. 4. Experimental setup dynamic solubility and spray pattern tests 


4 Results 


The video material of the dynamic viewing cell is evaluated with regard to the assessment 
of the tested oils with the aid of the “laminar boundary flow” criterion. This is the 
phenomenon of a laminar boundary flow with a sawtooth shape forming in the lower 
part of the viewing area during the flow process in the case of NE03 base oil, which 
flows more slowly than the rest of the CO2-oil mixture. This occurrence is marked with 
a red box in Fig. 5. This event occurs in all additivated variants of this base oil. In this 
study, as already mentioned, only the pure base oils will be discussed in detail. 

When the experiment is carried out with variation of boundary conditions by CO2 
cooling, the contents of the viewing cell become much clearer with cooling of the CO2 
and are characterized by fewer visible individual particles, see Fig. 5. Using the base oil 
NEO3 as an example, significantly fewer detectable CO% particles are evident at higher 
density. Complementary, a lower pulsation in the mass flow of LCO2 was detected 
with pre-cooled CO2. The density is also characterized by higher stability during the 
feed. Laminar boundary flow, typical for the NE 03 oil with high viscosity, cannot be 
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prevented by cooling. The density of the CO2 does not seem to have any influence on this 
phenomenon. In further series of experiments it was shown that the flow velocity of the 
CO>-oil mixture does have an influence on the laminar boundary flow. With increasing 
flow velocity in the pipe, the laminar boundary flow decreases or does not occur at 
all. In this test setup, the influence of pre-cooled CO2 on the spraying behavior was 
investigated for a nozzle diameter of d; = 0.2 mm. It was shown that due to the higher 
density of the CO2, which was demonstrably achieved with the cooling, the spraying 
behavior changes. The main jet gives a focused impression which is also superior in 
length to that without CO2 cooling. Cooling the CO» increases the atomization of the 
oils and widens the spray corridor with a greater main jet length and intensity. A finer 
and wider oil application results. Process stability in terms of pulsation of the CO2-oil 
mixture at nozzle exit can be significantly improved. 


dynamic solubility tests spray pattern investigation oil 


CO,=4 kg/h oil =0.8 ml/min 1 mm CO,=4kg/h oil=0.8 ml/min Ø nozzle: 0.2 mm 


KW01 
no cooling 


KW01 
with cooling 


NE03 
no cooling 


NE03 
with cooling 


SE09 
no cooling 


SE09 
with cooling 


Fig. 5. Results of dynamic solubility and spray pattern tests 


Using the VW-9000 motion analyzer program, the videos of the dynamic view cell 
can be evaluated using particle tracking. The tracking tool must be calibrated to the inner 
diameter of the line of sight. Subsequently, a CO3 or oil particle is selected and tracked 
over the entire line of sight. Finally, the tracked distance can be evaluated with respect to 
the absolute velocity. The velocities of the different oils, depending on nozzle diameter 
and CO? cooling, are summarized in Fig. 6. 
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Fig. 6. Flow velocity depending on nozzle diameter and CO? cooling 


As expected, particles moving with a greater nozzle diameter of dj = 0.3 mm without 
cooling are much faster than those moving with dj = 0.2 mm without cooling. Cooling of 
CO? reduces the flow velocity within the feed due to higher density. When implementing 
CO, cooling in practical applications for machining operations, this influence must be 
taken into account. The influence of the lower flow velocity with simultaneously stronger 
atomization of the lubricant on the oil application and cooling of the contact zone of tool 
and workpiece must be investigated in further investigations. 


5 Summary 


In summary, the following influences of temperature-controlled carbon dioxide on 
sprayability and solubility in CMQL with bio-based lubricants can be determined. The 
cooling of the CO2 increases the atomization of the oils and widens the spray corridor 
with a greater main spray length and intensity. The process stability in terms of pulsation 
of the CO2-oil mixture at nozzle exit can be significantly improved with an increase in 
density from 550 kg/m? to over 800 kg/m?. By cooling the CO7, the cell content appears 
transparent due to completely liquid state and flow velocity is slowed down. NEO3 pro- 
vides a slower boundary flow of oil deposited at the outer edge of the viewing cell, even 
during cooling. This is in agreement with the results of previous investigations of the 
REP chair which showed that the boundary flow disappears at a higher flow velocity. In 
addition to the investigation of the influence of lower flow velocity with simultaneously 
stronger atomization of the lubricant on the machining, further factors of the cooling 
method must be investigated in detail. These include the influence of cooling at higher 
flow rates and velocities, but also the components of the cooling system in terms of 
cooling capacity, cooling length and the materials used. 
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Abstract. Sustainability of steel manufacturing industries in most under devel- 
oping economies around the globe has become an issue of concern bothering 
around both environmental and systemic sustainability. The principles of circular 
economy (CE) in systems thinking (ST) have been proposed in this paper as a 
measure towards augmenting the sustainability of coal based Direct Reduction of 
Iron (DRI) process. The DRI approach for steel production is preferred for eco- 
nomic reasons in most low-income countries, even though it is an inevitably dirty 
process, emitting gaseous and solid wastes in large quantities. The pollution level 
of the DRI process violates the United Nations sustainable development goal no. 
13 which focuses on climate action. The concept of CE in ST has been presented as 
a comprehensive measure that is capable of reducing and aiding with the recovery 
of wastes in the DRI process through effective tracing, tracking and control within 
an integrated network. 


Keywords: Direct Reduction of Iron - Sponge Iron - Wastes - Sustainability - 
Circular Economy - Systems Thinking 


1 Introduction 


Sustainability has become increasingly important amongst industries worldwide over 
the past decade. Organizations are directing their resources towards the minimization of 
environmental impact of their products and operations [1]. Coal based Direct Reduction 
(DRI) of Iron is one sector that needs attention on environmental sustainability as it has 
greatly expanded over the past decade [2]. Sponge Iron has gained more use in the steel 
making industries in the (EAF) Electric Arc furnace due to its high iron content, less 
availability of high-quality scrap and the increasing cost of scrap metals [3, 4]. Coal 
is an abundantly available resource in many developing countries and is used to power 
energy intensive industrial processes [5]. The use of electricity and natural gas is limited 
in powering these processes because of the cost associated with it. Globally, India has 
been the largest producer of sponge iron up to 2018, and 80% of DRI plants in India are 
coal powered [6]. 
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1.1 The DRI Process 


Sponge Iron or Direct Reduction Iron (DRI) refers to a porous metallic substance that 
is produced by the direct reduction of iron ore, where oxygen is removed from the iron 
oxide using coal or natural gas as reductants and dolomite as a desulphurizing agent 
[7]. Raw materials are fed into the rotary Kiln by a conveyor to generate fugitive dust 
and particulate matter. The kiln has 2 zones, the preheating zone is responsible for 
moisture removal from the raw materials at temperatures ranging 900 °C-1000 °C and 
thermal decomposition of coal takes place releasing hydrocarbons and hydrogen. The 
metallization zone is where the final reduction to metallic iron takes place with most 
CO2 reduced to CO. A lot of emissions are generated during this stage from combustion 
reactions in the kiln [2]. After the reduction process, a mixture of sponge iron and char 
is discharged from the kiln into the cooler where cooling takes. Water is sprayed at the 
cooler shell to indirectly cool the material from about 1000 °C to 120 °C. Coal based 
DRI units are critically air polluting in nature emitting high concentration of particulate 
matter from point sources [2, 4]. Figure 1 shows a schematic diagram of the DRI process 
including the various waste outlets. 
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Fig. 1. Schematic process flow diagram of DRI, showing sources and exit points for wastes 


Raw material utilization and waste generation for the DRI suggest that 1.6 tonnes of 
ore, 1.2 tonnes of non-coking coal and 0.05 tonnes of dolomite are needed to produce 1 
tonne of sponge iron and 0.2 tonnes of solid wastes [2, 5]. This implies that for every 10 
tonnes of sponge iron produced, almost 2 tonnes of solid wastes are produced in the form 
of semi-processed iron and coal char. Most DRI plants are medium scale producers, with 
a capacity of 100tonnes per day (LOOTPD). Such plants have the potential of disposing up 
to 20 tonnes of solid waste into the environment, thus causing environmental degradation. 
CE principle helps to recover waste by recycling and giving it a second life as a new 
product. 
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2 Circular Economy in Systems Thinking for Sustainability 
of the DRI Process 


The concept of Circular Economy (CE) depicts the life cycle of a system from con- 
ception to completion and utmost disposal or recycling. Systems Thinking (ST) is a 
holistic approach to understanding a systemic problem and the interrelationship that 
exists amongst the members of a system. The European Commission [8] stated that CE 
is a concept premised on five monitorable processes [9] namely: i) system input, 11) 
design & development, iii) production and deployment, iv) operations and/or consump- 
tion, and v) discard or recycle. CE in ST allows for a much broader utilisation of a ST 
network diagram to not only understand the problem comprehensively, but to proffer 
an integrated solution comprising all stakeholder in the DRI production process. The 
sustainability of any system such as the DRI, is premised on the proffering of a holistic 
solution to identified problems. Several system networking and mapping tools can be 
utilised for a comprehensive integration and exploration of a system’s elements. In this 
paper, the VENSIM software was deployed for the ST network of elements. This was 
used to demonstrate how the elements of the DRI process interact to enable circularity 
of the system. From Fig. 2, both negative and positive interactions can be identified and 
mitigated as deemed necessary for sustainability of the DRI system. The output of one 
systemic element serves as an input to another element in a looped network depicting 
circularity from raw material acquisition through the processing phases and stages to 
disposal. Stakeholders responsible for the facilitation of the different activities in the 
network are known prior. Negative activities within the network can be easily traced 
and tracked. Also, effective control measures can be easily disseminated amongst the 
stakeholders in the circular system for sustainability. 
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Fig. 2. Systems map for the DRI process 
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The developed map enables visualization of the impacts of the DRI process and 
how they contribute to pollution and land degradation. The concept of CE in ST aids 
decision makers and stakeholders to have a much clearer perspective of the sustainability 
measure of the DRI system throughout its life cycle. The ST map can also be used to 
generate a causative tree diagram for the problematic processes with a view towards 
optimizing the process through visualization of the displayed quantities of the causative 
factors. Circularity of the DRI process can be achieved by reusing and recycling waste 
products back into the process. From the systems map, it is seen that waste dolochar can 
be blended with other materials in the cyclones and used as feed in the rotary kiln. Up 
to 20 tonnes of dolochar can be recycled back into the system for a 1OOTPD capacity 
plant, and this cuts on the cost of raw materials utilised. Wastewater from the cooler can 
be used for dust suppression, though some academics argue that mineral elements can 
be leached into the soil from this process. 


3 Wastes from Coal Based DRI Process 


The Sponge Iron production is critically air polluting in nature emitting high concen- 
tration of particulate matter from point sources and from several secondary sources. 
The three main types of wastes generated are solid wastes, liquid wastes, and gaseous 
emissions. 


3.1 Wastewater 


Wastewater is generated from scrubbers, After Burning Chamber (ABC) and coolers, 
it is processed in the classifier which is used for the removal of course, heavy, and 
suspended particles [10]. Total wastewater per tonne of sponge iron is 2.88 m°, this 
comes from the ABC, clarifier, wet scrubber, and the dust suppression system. Overflow 
of the clarifier goes to the cooling tower while underflow of the clarifier goes to the 
sludge pond. Water is continuously sprinkled over the rotary cooler shell and is allowed 
to fall on a setting tank located below the rotary cooler. The water requirement varies 
from 5-6 kl/h 100 TPD DRI [11]. Wastewater can be treated and recycled in the system 
for dust suppression. 


3.2 Dust and Particulate Matter 


Major sources of fugitive dust generation in coal based DRI plants are the raw material 
handling yard (unloading, stacking, reclaiming operations), product discharge system 
(cooler discharge conveyors, transfer points), junction house, screens, magnetic sepa- 
rators, storage silos. The summation of these waste adds to 0.13 tonnes/tonne of DRI 
produced [11] The main raw materials, coal and iron need to be crushed to a size between 
0-20 mm, sizing of raw mate-rials involve the crushing, screening, and conveying oper- 
ation. During these processes, fines are generated, and micron size dust is dispersed in 
the air. Particulate matter (PM) consists of particles that, based on their size are classified 
in coarse (diameter < 10 um; PM10), fine (diameter < 2.5 jum; PM2.5) and ultrafine 
(0.1 < um; PMO.1) [12]. 
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3.3 Gaseous Emissions 


Emissions or pollutants into the air results in undesirable changes to the climate and 
this degrades the environment. A lot of emissions are produced during the DRI process 
because of the various reactions of carbon from coal thus producing a lot of carbon 
derived emissions. Principal air emissions include particulate matter (PM, or dust), Sul- 
phur dioxide (SO2), nitrogen oxides (NOx), carbon dioxide (CO2), carbon monoxide 
(CO), lead and ozone [12]. The process of employing coal as a reducing agent produces 
a lot of CO2 and CO from the reactions between the carbon and iron oxide inside the 
kiln. [13]. 


3.4 Solid Waste, Coal Char and Dolochar 


Studies on characterization of dolochar suggests that the dolochar samples from various 
dump sites consist of quartz (free as well as locked), free lime, aluminum silicate, Fe 
particles, and Ca or Mg and or Ca + Mg + Fe oxide phases [14]. Proximate analysis 
indicates that the dolochar fine samples contain more fixed carbon than the dolochar lump 
samples [5]. The concentration of heavy metals is also more in case of fine samples than 
the lump samples. The (Fe) content is invariably the same in both lump and fine dolochar 
samples. Dolochar or solid waste contributes to the highest volume oof waste generated, 
the quantity ranges from 0.2—0.3 tonnes/tonne of DRI produced. 


3.5 Impact of Waste from Sponge Iron Production 


Wastes generated from the DRI process have adverse effect on the environment and 
human life. Wastewater from this process contains metals, suspended solids, benzene, 
and fluorides. These degrades the soil and water bodies as the sludge is disposed in the 
environment [14]. Effluent discharge also alters water quality and PH, thus resulting 
in hard water formation. Emissions such as (SO2), NOX, CO2, CO, cause a number of 
diseases such as increased pulse rate, cardiovascular disease, throat irritation, bronchitis, 
eye irritation, chest pain, drowsiness, headache, nausea, stupor, coma, disorientation [15]. 
GHGs contributes to global warming and acid rain while dust and particulate matters 
cause stunted plant growth and soil contamination from dissolved metals leached from 
deposited dust. In humans, pulmonary health problems such as black lung disease and 
bronchitis are associated with inhaling particulate matters [16]. 


4 Pollution Drivers in Sponge Iron Production 


In a bid to manage and enhance sustainability of the DRI process, the following pollution 
drivers as listed in Table 1 would need to be kept at the barest minimum. Different 
researchers have in the past deployed diverse but specific strategies per pollutant type 
as presented in Table 1 towards their minimization. These specific strategies can be 
assessed and deployed within the ST and CE integrated approach. 
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Table 1. Pollutants and specific control strategies 


Pollutant Strategy 


CO2 Use of wood char as a reductant instead of coal, to reduce the 


amount of CO? produced [17] 
Optimisation of the DRI process through multiscale process 
modelling to reduce CO? emissions [6, 18] 


Particulate matter Application of EPA air pollution dispersion model ISCST-3 to 


predict the impact of the sponge iron industry emissions on 
ambient air quality [19] 


Dust and Particulate matter | Gas Cleaning Plant (GCP) based on Venturi Scrubbers for the 


treatment of DRI gases [11] 


Dolochar Recycling of solid wastes e.g., dolochar can be used as a low cost 


and highly efficient adsorbent for phosphate removal from 
aqueous solution [20] 


Char Recycling, char mixed with coal fines can be used as fuel in 


Fluidized Bed Combustion Boilers (FBC) [2] 
Reuse of char as an element for denitrification in wetlands [21] 


5 


Conclusion 


The Integration of Circular Economy and Systems thinking has a great potential in the 
enhancement of sustainability of different processes as this enables holistic understand- 
ing of the problem domain coupled with the proffering of an integrated solution. The 
Coal based DRI processes can be sustained over time if proper holistic strategies are 
deployed to monitor and control the network of activities. This would minimize the 
overall cost of the production process and negative impact on the environment. The 
3Rs (Reduce, Reuse and Recycle) for sustainability would certainly be achievable if an 
integrated approach such as CE in ST is adopted. 
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Abstract. Components manufactured from brass alloys are widely used 
in plumbing systems. Traditionally, lead is added to the alloy to improve 
the machinability. In recent years, the use of lead has been restricted 
due to health and environmental concerns. New lead-free and low-lead 
alloys were developed. These alloys usually show a higher cutting force 
compared to traditional lead-containing brasses. This paper investigates 
the influence of different rake angles and tool coating on cutting force and 
chip formation. The two lead-free brass alloys, CW511L and CW724R, 
are compared to the low-lead brass CW625N. 


Keywords: Lead-Free Brass - Cutting Tool - Machinability 


1 Introduction 


Due to its favorable properties, brass is widely used in different applications, 
for example in couplings for drinking water supply systems. Brass is electric- 
conductive, antibacterial, and nonmagnetic. Different elements added to brass 
can change the properties of the alloy. In general, lead is known to enhance chip 
breakability and reduce cutting forces. This is commonly explained by the non- 
solubility of lead in brass, which causes the precipitation of lead particles around 
the grain boundaries, and the low melting point of lead compared to brass. 
Johansson et al. compared a lead-containing and a lead-free brass alloy. The tool- 
chip contact length was significantly shorter, and the friction coefficient was lower 
when machining lead-containing brass. By studying chip roots, it was found that 
lead in brass acts as a crack initiation point, contributing to discontinuous chips. 
However, no evidence was found for lead melting during the machining process 
[5]. However, lead can be toxic to humans and the environment. For this reason, 
many countries restrict the use of lead, such as the EU, the United States, Japan, 
and Canada. The restrictions are likely to tighten in the future [4]. As a result 
of this, new low-lead and lead-free brass alloys were developed. To compensate 
for the missing lead and its favorable effects, different elements were added. 
A widely studied lead-free brass is the silicon-alloyed special brass CW724R. 
CW724R shows increased cutting forces compared to lead-alloyed brass, but 
lower cutting forces than other lead-free alloys [10]. These are probably caused 
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by the brittle k-phase, which is precipitated during solidification and as a result 
of silicon. In addition to the different alloying elements, the cutting forces can also 
be influenced by the tool geometry, the tool coating and the cutting conditions. 
Nobel et al. investigated the influence of tool geometry on chip breaking in the 
cutting of brass. In general, the rake angle had a lower influence compared to 
the chip-breaking geometry. A negative rake angle leads to increased cutting 
forces and average chip breakability in cutting CW511L [8]. In another study, 
Nobel et al. concluded that a TiAlN-coated carbide tool showed the lowest tool 
wear, a multilayer chemical vapor deposition (CVD)-diamond-coated carbide 
tool showed the lowest adhesion of carbide tools, and a polycrystalline diamond 
(PCD) tool had the best overall performance for the cutting of brass [6]. In 
general, for the more ductile copper-base alloys without lead addition, tools 
with a higher rake angle between 10° and 20° are recommended [3]. A higher 
rake angle will lead to a higher shear angle and thereby to lower cutting forces. 
On the other hand, a higher rake angle gives a smaller wedge angle. Thus, the 
tool is weakened and might wear out more quickly. Therefore, high rake angles 
are usually only used in difficult to machine high-ductility materials [7]. 

The goal of this paper is to investigate the influence of the rake angle and 
a AITiN tool coating on the cutting forces and the tool wear in cutting of low- 
lead and lead-free brass. The alloys investigated are CW724R, CW511L, and 
CW625N. In the next section, the methods used in this paper are described, 
followed by the results and a discussion of the results, and a conclusion. 


2 Materials and Methods 


This study investigates and compares the cutting forces in the lead-free brass 
alloys CW511L and CW724R with the low-lead brass alloy CW625N. All alloys 
were supplied as extruded rods. LG123L1-0600-BG H13A carbide inserts from 
Sandvik Coromant were used. In preparation, the inserts were ground by the 
toolmaker company DanSpecial, and half of the inserts were coated. Four dif- 
ferent rake angles 0°, 8°, 16°, and 24° and clearance angles of 6° to 8° were 
prepared. As a coating, the AlTiN-based FerroCon coating by CemeCon was 
applied by high-power impulse magnetron sputtering. According to Klocke et al. 
this coating gave slightly reduced cutting forces compared to uncoated tungsten 
carbide [6]. Investigations on a tribometer by Nobel et al. showed also lower 
friction for this coating compared to uncoated tungsten carbide with brass as 
counter body [9]. To minimize the influence of the tool nose in the cutting tests, 
in preparation, 5mm wide grooves were cut in the rods, resulting in 2mm wide 
disks. Cutting tests were performed on a Weiler Commodor 230 VCD open lathe 
under dry cutting conditions to measure cutting forces. A Kistler dynamometer 
was used to measure the cutting forces, and a LabView application was utilized. 
A constant cutting speed of 150 m/min was used, the width of cut was 2 mm as 
the disks. The feed was varied in four levels: 0.05, 0.1, 0.16, and 0.2 m/min. All 
tests were repeated three times. The chips were collected after each cut. 

The geometry of the tool edge was analyzed on an Alicona InfiniteFocus 
microscope using focus variation prior to the cutting tests. The shape of the tool 
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edge was analyzed using a 10x magnification and the integrated edge measure- 
ment software tool. Measurements were taken at three different positions, and 
the average was calculated. According to the results, all the tools had a form 
factor K of 1, and the cutting edge segments were symmetric. The edge rounding 
r varied from 7 to 18 pm depending on the tool, and the profile flattening Ar 
of the tools varied from 4 to 23 u/m, for detailed information, see Table 1. 

Furthermore, the surface roughness of the coated and uncoated 0° rake angle 
tool was measured on the rake face and the clearance face in both the radial and 
transverse directions. A Mahr Perthometer M2 was used with a sampling length 
of 0.25 m/min. The average results of the five repetitive measurements can be 
found in Table 2. 


Table 1. Measurements of the tool geometry. 


Rake Condition | Wedge Edge Cutting edge Cutting edge Profile 

angle y angle 8 rounding | segment on segment on flattening 

[°] FJ r [um] flank face Sa [um] |rake face S, [um] | Ar [um] 

0 Uncoated |84 7 9 9 4 

0 Coated 84 16 19 19 8 

8 Uncoated | 75 16 23 23 13 

8 Coated 76 13 21 21 12 

16 Uncoated | 66 14 23 23 13 

16 Coated 68 17 28 28 15 

24 Uncoated | 60 18 36 36 23 

24 Coated 60 17 31 31 18 
Table 2. Surface roughness measurements of the rake face and clearance face. 

Tool Ra rake face, Ra rake face, Ra clearance face, | Ra clearance face, 


radial [wm] transversal [wm] radial [um] transversal [jm] 
0°, uncoated | 0.013 0.011 0.103 0.206 
0°, coated | 0.049 0.05 0.237 0.238 


3 Results and Discussion 


From the three repetitive force measurements, the average was calculated. 
Figure 1 shows the calculated average main cutting force Fe plotted over the 
feed values fn used for the different tools and workpiece materials. The main 
cutting force was the highest in the CW511L alloy, on average around 70% higher 
than in the CW625N alloy. This difference was higher for lower rake angles and 
decreased with increasing the rake angle. Also, it was slightly lower for the 
coated tools. The main cutting force in the CW724R alloy was approximately 
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10% higher than in CW625N. Here, the difference was slightly higher for the 
coated tools. Furthermore, the difference increased with increasing rake angle 
and was the highest for the tool with a rake angle of 16° but decreased slightly 
for the rake angle of 24° for coated and uncoated tools. 
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Fig. 1. Average main cutting force against feed for different tools and alloys. 


Furthermore, it is visible in Fig. 1 that the main cutting force increases with 
increasing feed. From the comparison of the linear trend line, it is visible that this 
effect is the strongest for CW511L but decreases with increasing rake angle. For 
CW724R and CW625N, the slopes are relatively similar and slightly decreasing 
with increasing rake angle. When comparing the different rake angles with the 
0° rake angle tool, overall, the cutting force decreased more for the uncoated 
tools than for the coated tools. The decrease in cutting forces increased with 
increasing rake angle for both coated and uncoated tools and all materials. The 
achievable reduction was the highest for CW511L and the lowest for CW724R, 
but even the minimum cutting forces for a particular feed in CW511L are still 
higher than the highest cutting forces for the same feed in CW724R or CW625N. 
Overall, the coating has only a minor effect on the cutting forces, as it increases 
the cutting force on average by 6%, 7%, and 5% for CW625N, CW724R, and 
CW51IL, respectively. 

To further interpret the data, an ANOVA was performed using Minitab 
software. According to the results, all four factors: rake angle, feed, material, 
and coating, had a statistically significant impact. Additionally, the interactions 
between rake angle and material, feed and material, and rake angle and coating 
were statistically significant. The fit of model was R? = 99, 40%. Figure 2 shows 


Influence of Rake Angle on Cutting of Low-Lead and Lead-Free Brass 223 


the main effect plot. A Turkey-pairwise comparison revealed that there are no 
significantly different means for the combinations of 0° rake angle and no coating 
with 0° rake angel and the coating, 8° and coated with 0° and uncoated, and 16° 
coated with 8° uncoated. Also, means were not significantly different for a feed of 
0.2 mm/rev and CW625N compared to a feed of 0.1mm/rev and CW511L. For 
the combination of rake angle and material, 0° in CW724R and 8° in CW724R, 
8° in CW724R and 0° in CW625N, 0° in CW625N and 16° in CW724R, and 
24° in CW724R and 16° in CW625N showed no significantly different means. 
The results show that CW625N should be cut with a high rake angle and a low 
feed rate to achieve the lowest possible cutting force. On the contrary, cutting 
CW511L at a high feed rate and a low rake angle leads to the highest cutting 
forces. The coating condition has only a minor influence on the cutting force. 


RakeAngle Feed Material Coating 


Mean of Fc 


t 8 1% 24 605 oW 06 020 CWSI CWE25N CW724R No Yes 
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Fig. 2. Main effects plot for Fe. 


The cutting forces are measured in machine coordinates. To calculate the 
forces parallel and normal to the rake face, the machine coordinates must be 
rotated with the rake angle. Thus, the friction force F and the normal force 
N to the friction force can be calculated from the measured cutting and feed 
force. These two components are often used to calculate a friction coefficient. 
That does not seem to reflect reality but rather a force ratio k = F/N, which 
nevertheless depicts the friction conditions [1,6]. When considering tool edge 
geometry, Albrecht concluded that the coefficient of friction is no longer increas- 
ing with the rake angle [1]. However, the force ratios for the different materials 
and tools are plotted against the feed in Fig. 3. As a general trend, it is noticeable 
that the force ratios are highest in CW511L and lowest for CW625N. A possible 
explanation is differences in the chemical composition and the microstructure of 
the alloys. In CW625N, the lead might act as an internal lubricant in the cut- 
ting zone and reduces friction [6]. Although in CW724R there is brittle «-phase 
present, which increases the breakability of the chip and reduces the adhesion 
to the tool, CW511L consists mainly of soft a-phase and therefore shows the 
highest cutting force ratios, and thus the highest friction in the cutting zone 
[6]. Surprisingly, the force ratios increased for the coated tools compared to the 
uncoated tools. In turning tests in wet conditions, Klocke, Nobel, and Veselovac 
measured slightly decreased force ratios [6]. That might be due to the influence 
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of the cutting fluid used. However, due to the increased hardness of the coating, 
lower force ratios and lower friction also are expected in dry conditions. That 
is supported by Nobel et al., who performed friction tests in dry conditions 
with uncoated and TiAIN coated tungsten carbide on CW511L and observed a 
reduction in friction with the application of the coating [9]. A possible explana- 
tion for the higher force ratios measured in this study is the two to four times 
higher roughness values for the coated tools compared to the uncoated tools; see 
Table 2. 
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Fig. 3. Cutting force ratio k for different tools and materials. 


The shape and length of the chips have an impact on the stability and reli- 
ability of the process, especially in automated machining. Long, unbroken chips 
can wrap around the tool or workpiece and damage the newly generated surface. 
On the contrary, extremely small chips can damage the machine tool by clogging 
the filter system for the cooling lubricant. For the transport of the chips, they 
must be neither too long nor too short. In general, chip forms like ark chips, ele- 
mental chips, or short tubular and helical chips are favorable, while long spiral 
or helical chips, snarled chips, and needle chips, are unfavorable. The chip form 
can be influenced by several factors, such as the geometry of the tool, the cutting 
parameters, or the use of cooling lubricant and their combined effects [2]. The 
chips produced during this investigation were spiral, needle, loose arc or elemen- 
tal, and snarled chips. Table3 shows the chips formed for each alloy, tool, and 
feed tested. For the CW625N alloy, the chips will become shorter at lower rake 
angles. The coating appears to increase chip breakability at lower rake angles, 
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while decreasing it at higher rake angles. For the uncoated tool, 8° at feed rates 
of 0.16 and 0.2mm/rev or 16° and 24° at feed rates of 0.05 and 0.1 mm/rev 
seem favorable regarding chip breakability. Chip formers or cooling lubricants 
might enhance the chip breakability at high rake angles. Taking into account the 
slightly increased cutting forces and predominantly unfavorable chip forms, the 
use of AITiN to cut CW625N cannot be recommended. Alloy CW724R shows 
good chip breakability for both tools, but the coating leads to unfavorable needle 
chips at a rake angle of 0°, and the three highest feeds tested. Overall, CW511L 
exhibited the worst chip breakability. The uncoated tools with the two lower 
rake angles exhibited acceptable chip breakability at low feed rates, while the 
two higher rake angles produced only snarled chips. The AITiN coating appears 
to increase chip breakability, so the coating may be beneficial for the CW511L 
cutting process, although a slight increase in cutting force was measurable com- 
pared to the uncoated tools. 


Table 3. Chip forms for different alloys, feeds, and rake angles. x: Spiral chips, +: 
Loose/Elemental chips, o: Needle chips, —: Snarled chips. 


CW625N CW724R CW511L 
a in[°] 
0/8 16 24/0 |8 |16/24/0 8 | 16) 24 


0.05 
0.1 
0.16 
0.2 
0.05 
‘0.1 | 
0.16 
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uncoated 


fn in [mm/rev] 


coated 


4 Conclusion 


A larger rake angle reduces the cutting forces but can have a negative effect on 
the chip form. This study showed that an AITiN tool coating slightly increases 
the cutting forces compared to an uncoated tool. This could be due to increased 
friction in the cutting zone due to the higher roughness of the coated tools. 
However, this is contrary to studies by Nobel et al., who demonstrated slightly 
reduced friction when cutting the alloys CW724R and CW511L with an AITiN- 
coated tool [9]. In future investigations on the rake angle and the tool coating, 
the impact on tool life should be considered. An increased rake angle will reduce 
the edge angle and potentially weaken the tool, so the tool wears out faster. On 
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the other hand, the decrease in cutting forces could be more eminent than a 
slightly reduced tool life. To improve the chip breakability, especially at higher 
rake angles, the use of a chip breaking geometry or high-pressure cooling should 
be investigated. The influence of the rake angle on the residual stresses should 
be investigated in further research. 
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Abstract. Single use plastic packaging and its environmental impacts have 
received much attention over the last few years from governments, businesses and 
consumers. One option to reduce plastic packaging waste and its associated envi- 
ronmental impacts is to shift towards circular business models, supplying reusable 
packaging options that are used many times before being recycled. One technical 
barrier to the implementation of plastic food packaging reuse is the need to effec- 
tively clean the packs and provide cleaning assurance to prevent the possibility of 
product crossover. This research investigated the feasibility of using Ultraviolet 
Fluorescence imaging to optically detect residual food fouling and thus assuring 
cleanliness in the case example of margarine spread tubs. Processing of obtained 
images was carried out using MATLAB® applying Otsu’s thresholding method. It 
was established that for the current setup the minimum detectable quantity of foul- 
ing was of the order 10 g/mm?. The assessment process was correlated against 
that of Adenosine Triphosphate assay, an industry-standard process for assess- 
ing the cleanliness of food contact surfaces. The implications of the investigated 
technique overcome one barrier to plastic food packaging reuse on an industrial 
scale. Fast and reliable fouling evaluation of every pack will underpin business 
and consumer trust in such a circular material flow. The established technique 
has the potential to form part of the wider reuse system for polymer packaging. 
Implications on optical detection optimization, packaging design, and suitability 
for automation are discussed alongside wider food supply chain considerations. 


Keywords: Plastic waste - Product reuse - Circular supply chains - Quality 
assurance - Ultraviolet fluorescence imaging - Optical sensors 


1 Introduction 


Polymers are an extremely versatile range of materials and have become almost ubiqui- 
tous in life of much of the world’s population. Its low cost, high strength, longevity and 
manipulability make it a primary choice for many applications. However, plastic waste 
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has become one of the most recognized and maligned environmental impacts associated 
with modern consumerism and has led to a range of policies designed to reduce plastics 
manufacture and use (e.g. [1, 2]). 

Plastic packaging represents a substantial challenge to be addressed; it us responsible 
for over a quarter of all plastics produced globally [3], and has a short use cycle, after 
which 95% of its value is lost. Although recycling is an option to retain some of the 
material value, the European Union has estimated that at end-of-life, less than 30% of 
plastic waste is recycled, 31% goes to landfill and 39% is incinerated [4] whilst other 
studies have reported average recycling rates as low as 20% [5]. Resources dedicated 
to plastics production, transport miles and residual utility are also effectively lost from 
premature disposal. Within the UK alone, some 2.3 Mt of plastics are used for packaging 
each year, of which almost 0.5 Mt are consumer pots, tubs and trays (PTT) [6] which 
are often used to package food products. 

An option to reduce plastic waste and its associated environmental impacts is to 
enable and promote the reuse of polymer products. For the food packaging industry, 
this requires the need for new circular business models and supply chains, including 
reverse logistics, cleaning, cleanliness and quality assurance, and both supply chain and 
consumer incentives [7]. Establishing a circular economy where packaging is returned 
at its end-of-use, cleaned, and then refilled with new product for resale could provide a 
solution to resource use and waste production. Food packaging reuse systems already 
exist (e.g. Loop, Modern Milkman) but packaging materials are typically limited to 
aluminum and glass. For any reuse system to work for packaging, it is essential to have 
effective cleaning and quality assurance processes in place. 

One technical barrier to the implementation for the circularity of plastic food pack- 
aging is the need to effectively clean the packs and provide cleaning assurance to prevent 
the possibility of product crossover. Such cross-contamination between uses presents the 
hazard of foodborne illness to consumers which would seriously undermine any poten- 
tial environmental benefits from such a system. Despite the importance of the cleaning 
stage, suitable standards, and guidance for cleaning of reusable packing is currently non- 
existent. It is perhaps difficult to provide such guidance for polymer-based packaging 
since oft-recommended sanitizing rinse temperatures for food contact surfaces are typ- 
ically above 70 °C, which is very near the glass transition temperature of polyethylene 
terephthalate (PET) and hence may lead to material warping, for example. Also, the 
added complexity of circular use systems means it could be more difficult to track and 
control outbreaks of contamination and hence recall dangerous products [8]. 

The research presented in this paper investigated the feasibility of using ultraviolet 
(UV) fluorescence imaging to optically detect residual food fouling and thus assuring 
cleanliness in the case example of margarine tubs. The technique has previously been 
demonstrated for other food contact surfaces [9], but not for polymer packaging. The 
paper justifies the use of subject materials before describing the physical and procedural 
experimental design. Importantly the optical illumination, image capture and image 
processing are detailed and the results processed and analyzed to provide contextual 
importance. The optical results are compared against those obtained via an adenosine 
triphosphate (ATP) swab technique to demonstrate suitability of the process. The UV 
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detection technique is discussed in the context of industrial application within a system 
for a circular economy for plastic food packaging. 


2 Methods and Materials 


Within this study two stages of investigation were undertaken to determine, under con- 
trolled conditions, the feasibility of using UV fluorescence to detect margarine-like 
spread fouling on polypropylene (PP) surfaces. The objective was on determine the low- 
est level of residual fouling that could be detected and to compare this with industrial 
standards. 


2.1 Testing Regime and Sample Preparation 


The subject of the studies in this research was Flora® spread, a margarine-type product, 
retailed in the UK, across Europe and worldwide. Margarine contains ample fluorophores 
that under suitable excitation of UV light, fluoresce in the green part of the electromag- 
netic spectrum (~500 to 570 nm) and hence can be imaged. Primarily supplied in PP 
tubs, the spread was used as an example product that has a high-fat content making 
it difficult to clean from surfaces and could potentially be supplied in refillable packs. 
Notably, PP has an advantage for reusable packaging over the more common polyethy- 
lene terephthalate (PET) in that it is more resilient to high temperatures required for 
cleaning. 


Critical Detection 

The first test conducted sought to determine the critical (minimum) quantity of food 
residue detectable on a PP substrate. Different dilutions of Flora® spread were created 
by mixing via agitation with water within beakers placed over a warm water bath. 
Dilutions were prepared according to those described in Table 1. Using a micropipette, 
1 ml of dilution was evenly distributed over a 30 mm diameter test area on uncoloured PP 
slides of dimension 50 x 50 mm. Samples were left to completely dry in the laboratory 
ambient atmosphere (typically overnight) before being imaged. 


On-Pack Detection 

Assessment of fouling levels on an actual pack form was undertaken to determine the 
suitability of the system for a more realistic assessment scenario. Empty Flora® 500 g 
PP tubs were utilised in this study. Before each sample preparation, tubs were cleaned 
manually using detergent and warm water before being rinsed and dried. The inner base 
and walls of the tubs were individually fouled with 5.0 g, 1.0 g and 0.5 g of Flora® taken 
from a melted sample and manually distributed near-evenly using a spatula: to provide 
more realistic distribution of fouling, homogenous distribution was not intended in this 
study. 


234 E. Woolley et al. 


Table 1. Solution concentrations investigated. Spread density assumed to be 0.96 g/ml. 


Sample | Mass of spread (g) | Quantity of distilled | Mass of spread per 1 ml | Distribution of 
water (ml) of solution (g) deposited spread (g 
mm7?) 
A 5.0 14.1 0.259 3.66 x 10+ 
B 5.0 23.6 0.174 2.45 x 104 
c 5.0 35.4 0.123 1.74 x 10-4 
D 1.0 14.1 0.066 9.34 x 10> 
E 1.0 28.3 0.034 4.82 x 10> 


2.2 Image Acquisition and Processing, and ATP Assay 


An optically isolated stainless-steel box was utilized to allow a controlled experimental 
campaign of digital image acquisition under excitation by UV light, provided via a 
dual 18W 370nm (nominal) fluorescent lamp (UV18W BLDTU, UV Light Technology 
Limited, UK). Image acquisition utilised a Basler® (Germany) ace acA1920-150uc 
2-megapixel (MP) camera. The camera was mounted in a bespoke holder outside the 
stainless-steel box at an aperture to ensure stability and positioning. Focus and lens 
aperture were manually adjusted to optimize image clarity. Once selected, these settings 
remained constant for the duration of investigation. 

Captured images were processed using MATLAB®. The acquired red-green-blue 
(RGB) image appears as a 2 MP image x 3 elements matrix, where the third dimension 
represents the three colour channels red, green and blue respectively. Fluorescing fouling 
appears as a cyan coloured object within the image and can be isolated by extracting the 
green channel yielding a 2 MP image represented in greyscale. 

To distinguish fouling from non-fouled areas, thresholding is required. For this stage, 
Otsu’s method [10] was investigated and implemented using the ‘multithresh’ function 
in MATLAB® (MathWorks®, 2021). Otsu’s thresholding method assumes the pixel 
intensities follow a bi-modal distribution and defines the threshold by minimizing the 
variance of the values within each of the two classes of pixels it defines. In doing so, 
the variance between the two classes is maximized [11] are referred to as ‘positive’ and 
‘negative’ classifications respectively. Generally and ideally, the number of pixels in the 
positive area of the image define the amount of detected fouling. 

For comparison against an industrially relevant assessment process diluted fouling 
samples were also assessed using an ATP swab test method (Hygiena® SystemSURE® 
PlusTM luminometer with UltraSnap® swab). For laboratory practice reasons, separate 
samples to those investigated via UV fluorescence were prepared for ATP assay albeit 
with slightly varying dilutions of fouling, but this does not hinder comparison between 
the techniques. ATP assay is considered the best available technique routinely used in 
the food industry for evaluating food contact surfaces. Manufacturers guidance for the 
ATP swabs used recommend a 100 x 100 mm swab area but this was not possible for the 
concentration studies due to the sample size. In these cases the full slide was swabbed. 
As recommended by the Hygiena®, swabs were removed from the refrigerator 10 min 
before being used. For the particular ATP device used the measurement range is 0-9999 
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RLU (relative light units). A reading of 30 or above is classed as a fail (i.e. unacceptably 
fouled). 


3 Results 


For the majority of samples, the image process provided a clear indication of the location 
of fouling, however noise in the visible part of the spectrum from the reflected illumina- 
tion source on the base of the dark box made it difficult for the thresholding procedure 
to differentiate the true fouling from this background signal (see Fig. 1). To address this, 
images were manually cropped at the border of the sample slide to disregard any area 
that was not under direct consideration. 


Fig. 1. Thresholded image of sample C. The base of the dark box provides false positive pixels. 


The number of pixels identified through image processing as fouling is shown in 
Table 2 in comparison to the deposited fouling concentration. The threshold required to 
differentiate the fouled area from the background was significantly lower for the dilute 
concentrations (i.e. 9.34 x 10% and 4.82 x 10%) and hence the increased pixel count 
for the positive regions in these images indicate the difficulty in distinguishing the fouled 
area from the background noise on the substrate. Hence it is found that the minimum 
detectable quantity of fouling for this setup and using this image processing procedure 
lies between 1.74 x 10+ and 9.34 x 10% g/mm/?. 

The average intensity of the pixels in the positive region of the images also indicates 
a good sensitivity to concentrations as low as 1.74 x 10 g/mm? (Fig. 2) whilst the 
low intensities of more dilute fouling suggests the inability of the detection system to 
reliably differentiate those areas from background noise. 

Figure 2 also shows the result of ATP assay for the fouling samples prepared over a 
similar range of dilutions. In this investigation assessment of fouling via ATP swabbing 
yields a more gradual relationship with respect to the fouling level and hence could 
be perceived to be more reliable. However, although not proven conclusively here, the 
optical detection approach appears to be able to detect fouled/non-fouled regions to the 
degree required to determine if a surface is ‘clean enough’: a reading of 29 RLU from 
the ATP assay. Of course, a significant advantage of the optical technique is that it is 
a non-contact assessment, has no real operational cost and could be performed at high 
speed in a continuous production environment, unlike ATP assay. 

The thresholded images of the PP pack fouled with varying amounts of Flora® 
spread (Fig. 3) have falsely categorized the inside of the dark box (corners of images) 
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Table 2. Numerical output of image processing for investigated fouling dilutions 


Distribution of deposited spread | No pixels in positive area | Threshold value from Otsu’s 
(g mm~2) method 

3.66 x 10+ 79707 140 

2.45 x 104 73340 138 

1.74 x 10+ 71348 129 

9.34 x 10> 345520 42 

4.82 x 10° 341955 47 


Distribution of depsoted spread (g mm*-2) 
Fig. 2. The average pixel intensity (blue) from optical processing and ATP response (orange) for 
a range of Flora® spread dilutions on PP. The orange dashed line represents the pass threshold for 
ATP assay. The pixel value axis has been scaled to pass the ATP threshold at a similar location to 
the ATP response for more realistic comparison. 


as positive for the 1.0 g and 0.5 g fouling levels. This poses the possibility that other 
areas within the tub may also be categorized as false positives. The tub fouled with 
5.0 g of spread shows a more realistic representation of the fouled area in the image but 
contains negatively classified areas at the corners of the tub base. These are locations 
where no external printing is present on the semi-transparent polymer. Hence the colour 
and opacity of the packaging influences the detectability of the fluorescence from the 
fouling. 

Another pertinent observation from the processed images in Fig. 3 is the impact of 
shadowing on fluorescence of fouling. In the described experimental setup, the camera 
is positioned directly above the pack forms, but the illumination is offset causing darker 
regions on one of the longer edges of each tub. Variation in illumination intensity makes 
a significant difference to the signal obtained from different areas of a fouled surface. 
The issue is likely to be complicated further by the increased complexity of the pack 
form. For example, the lids of Flora® tubs, which fasten via an interference fit, have an 
overhang which makes line-of-sight difficult for optical imaging. 
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Original Image Green Channel Thresholded Image Threshold Value 


Fig. 3. Raw and processed images obtained from investigating on-pack fouling. 


4 Concluding Discussion 


A new application of UV fluorescence imaging has been demonstrated to be a potentially 
suitable technique for the application of cleaning assurance for reusable PP food pack- 
aging. In its current form the technique performs to a degree of accuracy commensurate 
with that of the industry standard for food contact surfaces, ATP assay, albeit the poten- 
tial for some conditions to lead to false classifications needs to be better understood. The 
optical detection technique has distinct advantages over ATP assay in that it is rapid, 
non-contact (hence does not contaminate the surface), has negligible operational costs 
and does not produce consumable waste (swabs). There are however several potential 
improvements that should be made to improve sensitivity, reliability and suitability for 
direct industrial application. 

On the one hand, improvements to the detection system such as increased and more 
homogeneous light intensity could yield improved images, as could a detection system 
with improved quantum efficiency (for the current camera this is 54%) and filtering to 
improve signal-to-noise. In terms of image processing Otsu’s thresholding method is 
highly sensitive to distributions of intensities and hence it is possible to fail to detect 
small areas or low levels of fouling. A two-stage process may be better: rapid detection 
for obvious fouling, then a different process, for example hysteresis thresholding, to 
detect lower levels of fouling. Intelligent definition of the region of interest to determine 
the location and orientation of packs would remove the likelihood of false positive 
classification from irrelevant areas of the image. 

With respect to packaging design to support detection of cleaning success (and 
also improve the cleaning process), complex geometries, particularly partially enclosed 
spaces and tight corners, should be avoided. Wide and shallow containers with low 
draft angles are preferable for improved visibility and to support more uniform illu- 
mination. These practices should be shared across all packaging suppliers and indeed 
the Ellen MacArthur Foundation [12] has suggested that reusable packaging should be 
standardized to allow for better system design and reliability. 

A circular system for polymer packaging is a potential solution to plastic consump- 
tion but demands changes to current industrial supply chains. Packaging manufacturers 
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would need to become packaging system providers, onboarding reverse logistics, clean- 
ing, and quality assurance processes. The cleanliness assurance method investigated in 
this work, although not fully developed, indicates that it could form part of the tech- 
nological solution to reusable plastic packaging. Increasing assurance of food safety is 
likely to remove one barrier to consumer and industrial acceptance of such a radical and 
beneficial transition. 
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Abstract. Energy efficiency and resource economizing are the drivers for the 
development of new types of material-hybrid design approaches for machine tools. 
Polymer concrete has been used for machine beds in machine tool design for many 
years. The good thermal and dynamic properties of the material are particularly 
convincing in this context. The good damping properties for structural components 
are also interesting, as this reduces for example tool wear and at the same time 
the high damping compared to steel structures has a positive effect on the surface 
quality of the machined workpiece. Current research in the field of structural 
dynamics is dealing with the substitution of steel and cast components with hybrid, 
actively preloaded polymer concrete parts. This allows the use of the positive 
damping properties of polymer concrete and the positive tensile strengths of the 
integrated fiber-reinforced structures for dynamically loaded machine components 
such as machine arms or machine stands. The focus of the study is to replace the 
arm of a bed-type milling machine, which is currently a welded design, with a 
component made of prestressed carbon fiber-reinforced polymer concrete. Based 
on the first results of the volume ratios of the structures, conclusions are drawn 
about the life cycle assessment (cradle to gate) of the components. The results will 
contribute to a design recommendation for the carbon fiber reinforcement in the 
polymer concrete arm to achieve a better structural efficiency on the one hand and 
a better life cycle assessment on the other. 


Keywords: CO2 emission - Composite materials - Design optimization 


1 Advantages and Disadvantages of Polymer Concrete for Machine 
Elements 


The selection of materials used in machine tool design is always based on the occurring 
load collectives. This is especially true for approaches to structural optimization, which 
aim to reduce the component mass while optimizing stiffness but should not change the 
basic properties of the component. Because of its properties, such as very good damping 
and low thermal expansion [1], polymer concrete offers the best prerequisites for use 
as a material for highly stressed components in machine tools. Polymer concrete, also 
known as mineral cast or reactive resin concrete, is a composite material consisting of 
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inorganic mineral filler particles and stone particles (quartz, granite, basalt) of up to 93% 
by volume and a binder, mostly epoxy resin or unsaturated polyester resin, of approx. 
10% by volume [2, 3]. In moving components or structures that are exposed to high, 
possibly even alternating loads, especially in tension or bending, mineral casting quickly 
reaches the load limit [3]. But the properties of polymer concrete are dependent on several 
criteria: Binder, mineral aggregates, type of reinforcement and mass proportions of the 
individual components. 

The chosen approach aims at the development of methods for prestressing such poly- 
mer concrete components with the help of textile reinforcement structures, in order to 
be able to permanently withstand occurring tensile loads. The enormous potential of 
high-performance fibers, which are successfully used in conventional plastic compos- 
ites, has not yet been systematically exploited in polymer concrete. Nevertheless, fiber 
reinforcement is not a fundamentally new concept: fibers made of glass and carbon [4, 
5], have already been used in the form of filler material or as reinforcement bars [6] with 
a low volume fraction. 

In addition, it has been shown that the use of polymer concrete also offers advantages 
regarding the mass of components due to its lower density and thus has a direct influence 
on the energy required to move the components through lightweight design approaches 
[7]. The tensile strength of the material, however, is too low for use in places that are 
exposed to high and changing loads. Therefore, a hybrid approach of mineral casting and 
carbon fibers can be a target-oriented solution in lightweight design for machine tools. 
This opens new application possibilities for mineral casting in machine tool design 
and a step forward in the development of a general reduction of CO2 emissions in 
manufacturing and the use of machine tools. Within the scope of this paper, a first 
investigation of the substitution of a welded steel boom against a carbon fibre-reinforced 
polymer concrete boom is examined regarding the CO2 balance in the manufacturing 
process of the components. Based on an estimation of the volume-% of the different 
ingredients, the advantages, and disadvantages of fibre-reinforced polymer concrete 
with regard to CO2 savings are discussed. 


2 Optimization of the Machine Component “Extension Arm” 
Through Topology-Optimized Fiber-Reinforced Polymer 
Concrete 


In this example, the extension arm of a machine in console bed design is considered. 
The extension arm currently consists of welded 4-sided steel tubes with a total weight 
of 28 kg. The steel framework is mounted on the movable frame and the spindle via 
two 20 mm thick flange plates. Figure | shows the current structure of the machine. The 
load spectrum used as a boundary condition for the redesign of the machine cantilever is 
based on a pocket milling process in aluminium AlMg). According to Victor-Kienzle, a 
cutting force Fc of 1318 N results for a cutting depth ae of 12 mm with full engagement 
of an end mill with 8 mm diameter and 3 cutting edges. A total force of 2000 N is 
assumed as a safety factor for the further design. The resulting moments M1 and M2 
are time-variable depending on the force application vector and are applied in the FE 
simulation over several load steps. 
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Fig. 1. Force directions of a machine arm in a machine tool in console bed design 


The integration of the estimated possible damping constants via harmonic analysis is 
used as a further boundary condition for the design of the machine component. To achieve 
the general goal of minimizing the compliance of the system component, a topology 
optimization of the extension arm is carried out. The material-specific parameters for 
the analysis were taken from the manufacturer’s specifications of Rampf EPUMENT 
130/3 A3 as well as the carbon fibers of the manufacturer Mitsubishi Chemical Carbon 
Fiber and Composites - GRAFIL 34-700. 


polymere concrete body topology optimized inner structure 


carbon fibres 


load attachment plates base anchors 


Fig. 2. Topology-optimized, fiber-reinforced machine extension arm 


By analyzing the resulting force paths, it is possible to pre-tension the Carbon fibers 
in the loaded direction. Figure 2 shows the results of topology optimization and weight 
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minimization with a Carbon fiber content of only 1.58%. With a total weight of the 
polymer concrete extension arm of 23.33 kg, this corresponds to a total fiber weight of 
368 g divided into 28 fiber bundles. Figure 3 shows a comparison of the results of the 
maximum displacement of the steel extension arm compared to the reinforced polymer 
concrete extension arm. The optimized fiber-reinforced polymer concrete arm has a 60% 
lower displacement under load than the steel body. 


Unit: mm Unit: mm 


0,029972 Max 0,018269 Max 
0,027831 0,016964 
0,02569 0,015659 
0,023549 0,014354 
0,021408 0,013049 
0,019268 0011744 
0,017127 001044 
0,914986 0,0091346 
0,012845 0,0078296 
0,010704 0,0065247 
0,0085634 0,0052198 
0,0964225 0,0039148 
0,0942817 0,0026099 
0,0021408 0,0013049 
0Min — OMin 


Fig. 3. Displacement of the steel extension arm on the left and the prestressed polymer extension 
arm on the right when loaded in negative x-direction during pocket milling 


With the objective of making the manufacturing of a polymer concrete arm even 
more efficient, the amount of carbon fibers was reduced further in a second step. With 
an average value of 15, 5 kgCO2e/kg, carbon fibers cause very high CO? emissions in 
their manufacturing process. With the help of a parameter study, the used amount of 
carbon fibers was reduced until the polymer concrete extension arm achieves the same 
theoretical compliance as the steel extension arm. This reduced the volume of fibers to 
0.58%, corresponding to 135 g of carbon fibers. For further consideration of the CO2 
footprint, the calculated mass proportions of the steel extension arm, a polymer concrete 
extension arm without carbon fibers and the structurally optimized polymer concrete 
extension arm with carbon fibers are summarized in Table 1. 


Table 1. Overview of the mass ratios of the extension arms 


fiber-reinforced 


steel extension polymer concrete 
A polymer concrete 
arm extension arm : 
extension arm 
steel 27,86 kg 13,40 kg 10,80 kg 
polymer concrete - 16,35 kg 12,40 kg 
carbon fibers - - 0,13 kg 


total weight 27,86 kg 29,75 kg 23,33 kg 
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3 Carbon Footprint Analysis 


45,00 
keCO2e 
35,00 
& 30,00 
S 
= 25,00 
2 19,08% 46.60% 56,97% 19,08% 47.12% 
© 20,00 r 
ay 55,03% 61,87% 49,60% 
© 15,00 20,26% 
10.00 4 43,03% 
PPA 44.97% 38,13% 53,40% 52,55% s040% 
3 79.74% 80,92% 80,92% 
0,00 
steel unreinforced reinfocred steel unreinforced reinfocred steel unreinforced reinfocred 
polymer polymer polymer polymer polymer polymer 
concrete concrete concrete concrete concrete concrete 
production side: Germany production side: China production side; mixed * 
incredients manufacturing process 


* the individual products each come from their most likely country of origin 


Fig. 4. Carbon footprint of steel, polymer concrete and fiber-reinforced polymer concrete 
extension arms by country of production 


To compare the three components, a carbon footprint calculation was carried out (cf. 
Fig. 4). The results show that in all cases the manufacturing of the raw materials of steel 
cause lower CO? emissions than those of polymer concrete. The manufacturing process 
of steel, however, causes high CO2 emissions due to the required high energy input [8]. 
Polymer concrete is advantageous here due to its low primary energy demand and can 
thus reduce CO, emissions by up to 35%. 

For all extension arms, Germany as a production site shows itself to be the most 
favourable regarding the CO2 footprint, especially for the steel arm. In this case, the 
CO? footprint of the steel arm is with 25.57 kgCOze only 9% higher than the extension 
arm made of unreinforced polymer concrete and 15% higher than the fiber-reinforced 
polymer concrete. 

Due to its high energy-related CO2 emissions of 555 gCO2 /kWh [8] (compared 
to 366 gCO2/kWh in Germany [9]), China is the most unfavorable production site for 
all versions of the extension arms. For the steel extension arm, there is a 49% increase 
in the CO2 emissions compared to the manufacturing site in Germany. The extension 
arm made of fiber-reinforced polymer concrete shows an increase of 34% and achieves 
almost the same CO? balance for the production site China as the heavy extension arm 
made of solid polymer concrete. 
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For a realistic comparison of the three components, the most likely countries of origin 
are determined for all individual parts. It turns out that China is the largest supplier of 
steel products [10], and the USA is the main supplier of carbon fibers with a market 
share of 30% [11]. Following manufacturers’ information, Germany assumed to be 
the production location for polymer concrete [8]. When comparing the extension arms 
under these assumptions, the arm made of fiber-reinforced polymer concrete has the 
best CO2 balance with 24.82 kgCOve. The steel extension arm achieves the highest 
CO 2 emissions with 38.2 kgCOze. It is shown that the use of fiber-reinforced polymer 
concrete as a material for the extension arm can reduce CO, emissions by up to 35% 
compared to steel. 

In the following, the CO2 emissions of the extension arms made of unreinforced poly- 
mer concrete in Fig. 5 and fiber-reinforced polymer concrete in Fig. 6 will be analyzed 
in more detail, assuming a mixed country of origin. 


mineral filler 
steel parts 0.23% 


11,87% 


casting steel 
50,35% 


epoxy resin 
35,02% 


Fig. 5. Carbon footprint composition of an extension arm made of polymer concrete (production 
country: Germany, production country for the steel parts: China) 


For the polymer concrete extension arm (Fig. 5), 53% of the carbon dioxide emitted 
can be attributed to the manufacturing process. The casting of the integrated steel parts is 
the largest part of this process (95%). This also represents the largest part of the overall 
balance. Other items are the drying of the minerals and the mixing of minerals, resin 
and hardener. The casting process does not produce any CO2 emissions. 

A look at the CO2 balance of the ingredients shows that the epoxy resin provides the 
largest share here. The steel parts represent the second largest share. The mineral fillers 
contribute only slightly to the overall balance with 0.07 kgCOze. 
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The carbon footprint for the fiber-reinforced polymer concrete extension arm in 
Fig. 6 is made up almost equally of the carbon dioxide produced in the manufacturing 
process and the carbon dioxide produced in the production of the ingredients. Like with 
the unreinforced extension arm, the production of the steel parts represents the largest 
share. 

Among the ingredients, epoxy resin is again the largest component in the CO2 foot- 
print. With a mass share of 4.4%, it accounts for over 50% of the ingredient-related green- 
house gas balance. The mass-related CO2 equivalent for the material is 5.9 kgCOze/kg. 
Among the materials considered here, only carbon fibers have a higher mass-related 
COz equivalent of 15.5 kgCOze/kg. 


carbon fibers mineral filler 
9,99% 0,21% 


steel parts 
casting steel 
48,38% 


epoxy resin 
28,00% 


drying 
2,01% 


Fig. 6. Carbon footprint composition of a extension arm made of fiber-reinforced polymer con- 
crete (production site: Germany, production site for the steel parts: China, production site for the 
carbon fibres: USA) 


If the aim in the design of the extension arm made of fiber-reinforced polymer con- 
crete is to achieve a better CO2 balance than with the steel extension arm, the maximum 
quantity of carbon fibers is limited due to the high mass-related CO2 equivalent. As 
Fig. 7 shows, the extension arm made of fiber-reinforced polymer concrete achieves 
with a mass of 1.02 kg of carbon fibers the same COz balance as the steel arm. 
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50,00 


CO;-equivalent 


0,0 0,2 0,4 0,6 0,8 1,0 1,2 kg 1,6 
mass of the integrated carbon fibers 


reinforced polymer concrete = = — steel 


Fig. 7. CO2-equivalent of the extension arm made of fiber reinforced polymer concrete depending 
on the mass of carbon fibers compared to the CO2-equivalent of the steel extension arm 


4 Conclusion 


In this paper, it was shown that replacing a steel extension arm with a fiber-reinforced 
polymer concrete arm can improve the carbon footprint in the manufacture of machine 
tools while maintaining the same or even a better compliance. It was also shown that 
adding more carbon fibers can further improve the mechanical properties of the fiber- 
reinforced extension arm. As long as the mass of the carbon fibers remains below 1.02 kg 
(4, 2% of the total weight), the carbon footprint of the extension arm is 34% better than 
the steel extension arm. 
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Abstract. The processing of wood as a renewable and sustainable material is 
steadily gaining in importance. However, sawing processes in sawmills are char- 
acterized by high electrical energy consumption. Improving the geometry of the 
saw teeth is an option to make sawing processes more energy efficient and sus- 
tainable. Since the industrial sawing processes in sawmills are rather inflexible, 
the development of new saw tooth geometries takes place in smaller experimental 
setups. However, the inhomogeneous and anisotropic properties of wood make 
it difficult to compare different material samples and saw teeth on the basis of 
measured values. This leads to untapped potentials regarding energy efficiency 
and sustainability in industrial sawing processes. This paper discusses material 
properties of spruce wood samples, depending on their place of extraction from 
the tree trunk. The measured variables considered are the wood moisture content, 
strength properties and the cutting force occurring during the sawing process. The 
results show that the measured values vary to different degrees within a tree trunk 
and between different tree trunks. Based on the results the validity of comparison 
measurements in the tool development process can be improved and thus increase 
the efficiency and sustainability of industrial sawing processes. 


Keywords: sawing - material properties - wood 


1 Introduction 


Wood is becoming increasingly attractive as the most important renewable raw material. 
Particularly as a raw material, construction material and energy source. Wood can act as 
an effective carbon store, since it consists of half carbon. This is especially true when it 
is used in durable products, where carbon remains sequestered harmlessly to the climate. 
Furthermore, finite and climate-damaging fossil raw materials can be replaced by wood. 
Less carbon is released than when fossil fuels are used, resulting in a positive CO2 
balance [1]. 
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The demand for more environmentally friendly solutions also poses new challenges 
for wood technology. Rising energy costs and scarce resources must lead to further 
development of woodworking processes. This also applies in particular to the machining 
of wood-based materials. Although wood is one of the oldest materials used by mankind, 
it still presents people with major challenges [2]. Especially when machining wood, a lot 
of experience and also knowledge about the material behavior is essential. And although 
individual sub-areas are known, an exact prediction regarding all influencing variables 
during the machining process is not possible [3]. Problems arise mainly from the fact that 
wood is a natural material with hygroscopic and anisotropic properties [4]. In addition, 
there is a high degree of scatter in terms of material behavior and measurable values 
both within a wood species and within a single trunk. [5]. Each tree has its own history 
due to its location and the climatic conditions prevailing there, which has an influence 
on the structure of the tree [6]. New developments and improvements can therefore only 
be realized through deeper knowledge of wood as a material and the fundamentals of 
processing methods [2]. 

One way to improve the process is to optimize the cutting tool. In this way, target 
parameters of the cutting process such as cutting force, wear and energy consumption 
can be positively influenced. In order to obtain meaningful testing results for newly 
developed tools, the scatter of material properties on the samples must be kept as low as 
possible. The results of this paper help to better assess the influence of the location of 
wood sampling from the trunk. Thus, the results from comparative tests can be interpreted 
more accurately in the context of saw tooth development. 


2 State of the Art 


Wood is a complex and flexible material. It consists of numerous substances that are 
organized in different ways, resulting in an irregular structure. This allows its use for 
various product areas [6]. Wood is a non-uniform, inhomogeneous material consisting 
of different types of cells [4]. This material can be regarded as a complex, porous fiber 
composite material. It consists of long rectified natural polymeric tubes embedded in a 
natural polymer matrix [7]. The main components of wood are cellulose fibres (43%-— 
46%), hemicellulose (27%-37 %), lignin (20%-27 %) and accompanying components 
such as organic extractives and inorganic minerals (0,5%-10 %) [8]. 

The structural composition of wood can be divided into the three structural levels 
fiber structure, cell structure and macrostructure. The fiber structure is predominantly 
crystalline and is interrupted by amorphous areas. The cellulose bundles are enclosed 
by hemicellulose and lignin. The entire bundle is called a microfibril [9]. 

The cell structure is the next higher structural level. The elongated cells usually 
have mostly a length-diameter ratio of more than 100 [4]. All wood cells are structured 
according to the same scheme. The cell walls consist of four wall layers (middle lamella, 
primary wall, secondary wall, and tertiary wall) formed from microfibrils. The individual 
layers are concentric around the cavity of the cells, the lumen [7]. In coniferous wood, a 
distinction is made exclusively between two cell types (tracheids and parenchyma cells). 
The cells are capable of performing different functions. The quantitatively superior 
tracheids serve for water conduction and mechanical stability. They die shortly after 
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their formation. The significantly shorter parenchyma cells are found in the wood rays 
and resin canals, among other places [8]. 

The macrostructure is determined by a radial structure of several layers. Running 
from the outside of the tree inward are outer bark, inner bark, cambium, sapwood, 
heartwood, and pith [4]. The outer bark, or bark, serves as the outer protective layer of 
the tree. Directly below it is the inner bark, which is called the bast. The next layer is 
called the cambium. The cambium is responsible for the thickness growth of the tree [10]. 
In regions where division activity is dormant due to climatic conditions, wood forms in 
annual growth periods [11]. The cells formed in spring have a larger diameter than those 
formed in late summer and autumn. The wood formed at the end of the growing season 
has higher density and thicker cell walls due to the smaller cell diameter. The succession 
of early and late wood produces the clearly visible annual rings [4, 10]. This is followed 
by the sapwood, which contains living cells. The cells in the sapwood transport water and 
store nutrients. The heartwood forms the inner zone of the tree and serves exclusively 
for the mechanical stability of the trunk. In the middle is the pith [7]. 


3 Approach and Experimental Detail 


3.1 Sample Collection 


For the investigations carried out in this paper, wood samples were taken from a total of 
five spruce tree trunks. Spruces represent the most common tree species in Germany [12] 
and are also mainly processed in the sawmill where the preparation of the tree trunks 
was carried out. 

The tree trunks have a length of 12 m and are between 200 and 250 years old. Their 
diameter at breast height is at least 49 cm each. Samples are taken from the lower, middle 
and higher section of each tree trunk. The following Fig. 1 shows the dimensions and 
sampling graphically. 

Radial samples are taken from each test package. For the shear tests, the bending 
tests and the kiln-drying tests, two samples per cardinal direction are taken. The samples 
for all types of tests and with the same sample number should have the same distance 
to the pith. For the cutting tests, only one sample per cardinal direction is cut out due to 
the necessary sample size. 


3.2 Measurement of Cutting Force 


The cutting force Fe has a direct influence on the energy consumption of the sawing 
process [13] and is therefore considered in this paper. The saw operations were per- 
formed on a DMU 50 eVolution five axis machining center using an insertable two teeth 
circular sawblade developed for experimental setups. A total of 60 wood samples with 
the dimensions 80 mm x 90 mm x 180 mm were examined at a tool rotational speed n 
= 330 rpm and a feed speed of vy = 1066.88 mm/min. The sawing operation was carried 
out along the fibre direction, which corresponds to the cutting direction B according to 
KIVIMAA [14] as well as the direction in which the wood is processed in a sawmill. 
Three cuts were made in each wood sample with a cutting depth a, of 40 mm. The 
cutting force Fe is measured with a sensoric tool holder with a sampling rate of 1,600 
Hz. 
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samples higher section 


12,0 m samples middle section 


samples lower section 


Fig. 1. Original tree trunk dimensions and location of the extracted wood sample packages 


3.3 Measurement of Wood Moisture 


The wood moisture content has a significant influence on the cutting force Fe, as it exerts 
a major influence on the general strength of the wood [14]. The moisture content œw of 
the wood samples is determined using the kiln-drying method according to DIN EN 
13183-1 [15]. A total of 120 kiln-dried samples with dimensions of 20 mm x 20 mm 
x 20 mm were examined. After the first weighing, the kiln samples were dried in a 
Memmert UF-55 drying oven at 103 (+2) °C until the weight difference between two 
measurements (m; — mg) was less than 0.1%. The wood moisture content œ can be 
determined by the following Eq. 1: 


w = ——— - 100 (a) 


3.4 Measurement of Strength Properties 


Due to the inhomogeneity and anisotropy of wood, one characteristic value is not suffi- 
cient to describe its strength property [2], which is why both bending and shear strength 
were investigated. Both the bending strength fy and the shear strength t are measured 
according to the corresponding standards DIN52186 and DIN 52187 [16, 17]. Both tests 
are performed on a Zwick Z0150 universal machine, which was extended by a shear 
fixture for the shear tests. The following Table | lists the test conditions under which the 
measurements were carried out. 
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Table 1. Experimental setup for the measurement of strength properties 


Test condition Three-point Shear test 
bending test 

Measured property bending strength fy shear strength ti 

Standard DIN52186 DIN52187 

Number of samples 120 120 

Sample dimension / x w x h [mm] 360 x 20 x 20 50 x 50 x 50 

Feed force F max [N] 10 20 

Force direction transverse to fibre parallel to fibre 

Testing speed v [mm/min] 20 10 


The bending strength f, and the shear strength t are determined according to the 
following Eqs. 2 and 3 with the parameters max. Force Fmax, sample length /, sample 
width w, sample height h and shear area A: 


3+ Fmax: l 
= ——”|_- 2 
f 2.w -h2 (2) 
Fmax 
T= a (3) 


4 Results and Discussion 


The mean moisture content w of all wood samples is 17.6%, whereby the variation 
coefficient V is very low at 0,07 for all kiln-dried samples. However, no dependence 
of the wood moisture @ on the sample location can be proven. The measured values 
are lower than expected. This difference can be attributed to several factors. On the one 
hand, the samples could not be weighed immediately enough after cutting. Secondly, 
the trees were felled in late autumn, when they have a lower moisture content than in 
spring or summer [18]. 

The following Fig. 2 shows that the bending strength f, has a clear trend depending 
on the location of sample collection. 

While the averaged values for samples on the lower section of the trunk are the 
highest at 45.57 N/mm/, they are lowest for samples from the upper section of the trunk 
at 36.92 N/mm’. This can be explained by the fact that density in tree trunks decreases 
with increasing trunk height [19]. The scatter of the data behaves in the opposite way, 
which is shown by the coefficient of variation V of 0.197 for low-, 0.233 for middle-, 
and 0.269 for high-section samples. 
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Fig. 2. Bending strength fy depending on the location of sample collection 


For the shear strength ti, increased values could be measured for samples taken from 
the middle section of the trunk, compare Fig. 3 below. 


high 
middle 


low 


1.0 2.0 3.0 4.0 5.0 6.0 7.0 
shear strength t. [N/mm7*] 


Fig. 3. Shear strength t depending on the location of sample collection 


At 6.31 N/mm’, the mean shear strength t was 6.0% higher than for samples from 
the upper section and 6.4% higher than for samples from the lower section of the trunk. 
The scatter of the values is smaller than for the bending strength fy, which is shown 
by the coefficient of variation V of 0.149 for low-, 0.128 for middle-, and 0.149 for 
high-section samples. 

The following Fig. 4 shows that the cutting force Fe has a slight trend depending on 
the location of sample collection. 

While the averaged values for samples on the lower section of the trunk are the highest 
at 91.74N, they are lowest for samples from the upper section of the trunk at 85.97 N. 
The scatter of the data behaves in the opposite way, which is shown by the coefficient 
of variation V of 0.384 for low-, 0.370 for middle-, and 0.380 for high-section samples. 
Thus, both for the measured values and their scatter, a direct correlation between the 
bending strength f, and the required cutting force Fe can be concluded. 
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Fig. 4. Cutting Force Fe depending on the location of sample collection 


Finally, the following Table 2 compares the scatter of the measured values within a 
trunk and based on the sample location using the averaged coefficients of variation. It 
is shown that the scatter of the measured values is at a similar level, but slightly lower 
within a trunk for all properties. The scattering of measured values between individual 
strains can be attributed to different growth locations and the resulting variation in growth 
conditions, such as light conditions. 


Table 2. Average variation coefficients V within a trunk and within a sample location 


Property Variation coefficient V Variation coefficient V 
within a trunk depending on sample location 
Moisture content 0.068 0.072 
Bending strength 0.210 0.233 
Shear strength 0.136 0.142 
Cutting force 0.372 0.378 


5 Conclusion and Outlook 


It has been shown that the location of spruce wood sampling within a trunk has significant 
effects on the mechanical properties measured. While moisture content w varied only 
slightly in the samples tested, increased shear strength t was shown for wood samples 
taken from the middle section of a trunk. Furthermore, it was shown that the bending 
strength f, decreases with increasing log height and that this effect is also reflected in 
the required cutting force Fe in the sawing tests. 

In order to interpret test results correctly in the context of developing more efficient 
and more sustainable sawing processes, these results must be taken into account in any 
case. However, it could also be shown that the variation of measured values between 
individual trunks is on a similar level as the variation based on different locations where 
samples have been extracted from the trunk. If possible, both factors should be considered 
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and samples should be taken from a specific area of a single trunk. If this is not possible, 
samples from a single tree promise slightly more stable measurement results than from 
the same trunk area of several trunks. 

Starting points for further research are, for example, the investigation of further tree 
species or the consideration of further mechanical properties. 
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Abstract. When liquid desiccant systems are employed to dehumidify air elec- 
trospraying technique helps to increase the surface area of the liquid. Multiplexing 
of the jets by introducing several emitters for increased efficiency is commendable 
but, there is a tendency of the jets to cross talk with each other due to electrical 
shielding. Cross talking of jets will result in the failure of the jets to break properly 
into droplets for effective dehumidification. This piece of work analyzed the con- 
ditions for electrical shielding among jets which results in efficient electrospray. 
To evaluate how cross talking affects multiple emitter nozzles, the mathematical 
model was built by superimposing the electric potentials of one emitter in an array 
of emitters. A Computational Fluid Dynamics simulation model was developed to 
investigate the conditions for electrical shielding among jets during electrospray 
process with glycerol as the working substance. In flow modelling, Ansys Fluent 
with Volume of Fluid and the Taylor Dielectric model were involved. The flow 
rate that guarantees stability in the electrospray was determined together with the 
optimum voltage resulting in a spray current which reduces electrical shielding. 
An analysis on the electrical conductivity of the liquid to ensure stability and 
efficiency in electrospray was done. The pressure contours of the nozzle were 
determined together with velocity of the desiccant against density. Emitter spac- 
ing, applied voltage, flow rate and the electrical conductivity plays a pivotal role 
on the prevention of cross talking of jets during the electrospraying process. 


Keywords: Electrospray - Multiple Emitters - Electrical Shielding - CFD Model 


1 Introduction 


If air is to be conditioned, control is given to sensible load as well as latent load. The use 
of vapour compression based refrigeration systems to condition air has been condemned 
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of their significant reliance on electricity [1]. This is so because the sensible and latent 
heat load are controlled by cooling air below due point which at times may require 
reheating to achieve required temperature which is an energy intensive effort, [2, 3] 
Evaporative cooling is an energy efficient technology which can be used in place of 
conventional vapour compression systems [4—6]. 

Nevertheless, in humid climates the use of evaporative cooling based air condition- 
ing systems is ineffective due to high levels of humidity in the unprocessed air. The use 
of desiccant dehumidification in handling the latent load in such air is commendable, 
[7-10]. Both solid and liquid desiccants can be employed, however, the use of liquid 
desiccants is advantageous over that of solid desiccants, [11]. When using liquid desic- 
cant to dehumidify, water removal rate is mainly determined by the size of the contact 
surface [3]. In order to ensure an increased surface contact between the desiccant and the 
air to be processed, droplet diameter reduction is fundamental. Reducing the diameter 
of the droplet drastically increases the efficiency of the dehumidification process [12]. 

Among other droplet reducing mechanism, research shows that the electrospray 
process is a capable, energy efficient process which produces a fine spray, [3, 12-16]. 
The meniscus is exposed to a heavy electric field so that the liquid desiccant is converted 
into a cone-jet by the electrostatic force, [17]. When there is a balance between the 
external electric forces and the surface tension forces, the electrically charged droplet 
becomes unstable resulting in the emission of a liquid jet, [18]. The process allows 
blending of electrical, rheological and geometric properties of the liquid jet as it flows 
from the electrically-charged orifice, [14]. This process is studied in a discipline called 
electro-hydrodynamics, (EHD [19]. 

The electrospraying method has found use in various areas for the creation of 
monodisperse sprays of very fine drops in industry [20, 21]. It is possible to use a 
single emitter or to have a number of emitters during the process, [17]. In the event that 
a jet is produced by a single emitter, the solo emitter offers advantages of elimination 
of cross talking of jets, nonetheless, the solo emitter have low flow rates thus its use 
compromises the electrospray process and the resultant dehumidification, [3, 12, 21]. 

If multiplexing is allowed by running several emitters simultaneously at high oper- 
ating voltages, there will be an increase in dehumidification process efficiency because 
of the increased surface area, [12, 17]. Nevertheless, space charge becomes significant 
attributable to the cloud of charged droplets in the multiplexed emitters, [21]. Electrical 
shielding will then occur causing cross talking of jets which is basically the obstruction 
of the electric field neighboring the surface of some conical menisci hindering proper 
formation of the required Taylor cone, [22]. This electrical shielding results in reduced 
stability and effectiveness of the overall electrospray process, [23]. Cross talking of jets 
will result in the failure of the jets to break properly into droplets for effective dehumid- 
ification. The interaction problem between the jets in multiplexed spray presents a need 
to analyze this shielding effect in liquid desiccant dehumidification process, [14, 18]. 


2 Theory 


The configuration of emitters in a multi-electrospray set up can be as presented in Fig. | 
where there is a representation of a mono-hole system whose tip can be levelled or 
pointed, a double and a triple-hole emitter, [12]. 
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Fig. 1. Emitter configuration in multi-electrospray[12] 


Several researches have been done to analyse the interaction problem in multiplexed 
jets during electrospray, [13, 21]. It has been found that the factors that affect jet behavior 
include the operating voltage, flow rate and emitter spacing in an array of emitter [12]. 
If one emitter is in operation and the distance between the emitters is reduced, more 
potential is needed to produce cone jet which is stable because of shielding effect [13]. 
The required potential decreases at a very close spacing. When an electrical potential 
exists, the forming of a cone-jet which can decompose into equally-sized droplets is 
fundamental [12]. Several configurations like coaxial and parallel flows can be produced 
from the electrospray. 

Flow rate is an important aspect to guarantee stability and efficiency of the electro- 
spray. When the flow rate is approximately 6 mL/min or more, 2D, rotating 2D, and 
3D spray forms will be observed. At low flow rates of ~ 6 mL/min or lower, there is no 
change in the discharge current with respect to flow rate across the liquids [21]. Flow 
rate in stable electrospray systems is always small. The applied voltage does influence 
the magnitude of the flow rate through the jet of the electrospray due to the variation in 
cone surface area with applied voltage [18]. 

Electrical forces mainly controls the velocity of droplets in wide range of dispersed 
liquid conductivity [14]. The diameter of the liquid is also determined by the electrical 
conductivity, the higher the liquid electrical conductivity the smaller the diameter [22]. 
More so, applied voltages strongly affects the diameter of droplet, and droplet diameter 
decreases with an increase in applied voltage which is of very high electric fields of 
several kilovolts, up to 30 kV. In a multiplex set up, spacing of emitters has a pivotal 
part in jet formation as there tends to be interference. 


3 Mathematical Model 


Figure 2 shows progression of equipotential lines where there is single and multiple 
jetting. 

Therefore, the potential at point A of the ith emitter, Vi, can be obtained as follows 
by using Eq. (1) and superposingthe electric potential values from every emitter: 


N 
Viz) = © A Vy(z dj) i=1...N (1) 
J=1 
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Fig. 2. a) Central emitter jetting and (b) Three emitters jetting [21]. 


where Ay is a fraction of the electric potential contributed by jth emitter, 
V;j is the potential at A of the ith emitter. 
The maximum electric field can be represented as: 


N 

dVij 
Eo(zo + Za) = —Vo > By — (zo + Za, dij) (2) 

F dz 

where 
dV;j ( PERE ) —o 1 a 1 (3) 
; Zo Za» ij = 
dz Ardeo | {d2 + (220 +z)}? {a3 + 22}? 
Then the final equation for the operating voltage becomes 
Eo (Zo) 

Vio = (4) 


Lja By (FE) (zo. di) 


From these equations we can obtain the quantitative result for onset voltage using 
the required local electric field strength, Eo, but this solution is only valid when dij is 
larger than 2r, to avoid overlapping of capillaries. 


4 Simulation Model 


The CFD simulations in this piece of work were done with the commercially available 
software package, ANSYS Fluent v16. The liquid spray is taken as laminar flow with 
the solid capillary subjected to huge electric potential. Glycerol (C3H803) was used as 
the jetting liquid, with density = 1.261gcm~?, viscosity = 1.412 cP (at 25°C), surface 
tension = 63.4 mN/m, electrical conductivity = 0.05 S/cm, [3]. 

An axis-symmetric multi-hole nozzle geometry was created using Design modeler 
of Ansys Fluent. Designer modeler is a built in geometry and grid creation system with 
CAD functions to create and manipulate whole geometries with a subsequent meshing. 
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For better accuracy and better visualization of flow behavior of the desiccant falling film 
during numerical modeling, grid points after meshing were fine near the nozzles since 
there will be larger electric potential gradients and be coarse for areas afar. This will 
ensure accuracy with minimal computational effort since coarseness decreases accuracy 
whilst fineness increases time. A Cartesian mesh was applied to achieve this. 

After setting up the geometry, the solver settings were chosen in Ansys Fluent the 
EHD was combined with other modules to allow simultaneous simulation of different 
physical domains at the same time. A pressure based solver based on transient time and 
an absolute velocity formulation was used. The Eulerain approach of the two phases of 
volume of fluid were used in the multiphase model. The Eulerian method was adopted 
instead of the Lagrangian because it works well for flow in a continuous phase. The 
primary phase was set to air, while the secondary phases were set to glycerol. The material 
properties of all phases were set to values that have been established in literature. An 
implicit velocity fraction parameters with an enhanced near wall treatment was adopted. 
The standard and non-equilibrium wall functions of near wall treatment work with a 
coarse mesh and they don’t provide details about velocity whilst the enhanced wall 
treatment needs a fine mesh giving a velocity profile which is more accurate and well 
predicted even in the viscous and buffer layers. 

Boundary conditions were then defined so as to solve equations discussed in previous 
sections. The inlet was considered as having a constant velocity back flow fraction of 
glycerine whilst outlets had glycerine jets produced. A velocity specification method 
was used which is normal to the boundary and after passing the zero-voltage plane at 
constant velocity. To ensure a no-slip shear condition, a stationary wall was assumed 
[15]. 

For the flow solution, the equations were then solved numerically giving a full rep- 
resentation of the flow using a PISO solver. A transient formulation was employed with 
hybridization to improve accuracy was used together with compressive volume fraction 
for fluid flow and free surface, [12, 14, 18]. Standard initialization was used with a 
variable time step method and a reference frame relative to the cell zone. 


5 Results and Discussions 


5.1 Mesh Sensitivity Test 


Outcome of convergence study is as in Fig. 3 having jet radius as a function of minimum 
cell size, [15]. The size of the mesh was of 2 x 1077 m. It can be deduced from Fig. 3 
that the jet radius is independent of grid size when its size is less than 0.24\1m in the 
center line and it is related to the 761462 total mesh numbers. 


5.2 Electrostatic Atomization 


The presence of an electric body force allowed the liquid to produce a conical shape 
termed as Taylor cone and a thin jet was produced from its apex. Formation of a stable 
Taylor cone is possible with flow rate in the range of 3—10 ml/hr. And a constant electrical 
conductivity of 0.04 K(S/cm). For a single emitter, the tapered emitter design resulted in 
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Fig. 4. a.) Pressure contours on the nozzle b.) Velocity of the desiccant against density. 


an effective Taylor cone which promotes stable electrospray process whilst maintaining 
constant fluid velocity charge density jet radius and electric field, Fig. 4 

From the simulations, it can be seen that the kinetic energy was increasing as the 
Taylor cone was generated. Increasing flow rate at a constant voltage resulted in an 
increase in Taylor cone size. An attempt to further increase voltage results in a decrease 
in droplet size, however, very high voltage could not enable jet formation as the jets 
became too thin, breaking up leading to the loss of stability and this is in agreement with 
the literature. From the simulation results, it showed that a thicker jet will be produced 
due to the larger cone. 

Apart from the operating voltage and liquid flow rates, jet formation was seen to be 
affected by the distance between the nozzles. Repulsive forces were experienced when 
emitters are close to each other (that is 60 um apart), this will result in the jets exerting 
a force that will separate the jets. The results from these simulations agree with the 
experimental results reported in literature [3]. 


264 W. Mutenhabundo et al. 


Designing a wide range of emitters which are spaced help in preventing cross talking 
whilst maintaining electrospray efficiency. The dehumidification section must be work- 
ing continuously without changing the frequency to ensure improved efficiency with it 
knowing when to start and stop. 


6 Conclusions 


Ansys fluent has aided to successfully model the electrical shielding effect among jets 
using 3 emitters to allow multiplexing. The emitter spacing, voltage, flowrate and liquid 
conductivity plays a pivotal role on the prevention of cross talking of jets during the 
electrospraying process. The model is essential in atomization of liquid desiccant for 
moisture removal in air for air conditioning purposes using evaporative cooling tech- 
nology. Future work needs to look at the possibility of spray blockages at the menisci 
due to electrical shielding in multiplexed jets in electrospray and allow the dehumidifi- 
cation section must be working continuously without changing the frequency to ensure 
improved efficiency with it knowing when to start and stop. 
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Abstract. The development of new advanced material of a-Al- carbon nan- 
otubes (CNTs and green synthesis silver nanoparticles (GAgNPs) superconductor 
nanocomposites was sudied. Green synthesis silver nanoparticles (GAgNPs) was 
used for the decoration of CNTS. The composites were by modified spark plasma 
sintering (SPS). The microstructure, strength and electrical conductivity of the 
nanocomposites were determined. The formation of sub-grain in the Al-4%CNTs 
+ 2%GAg.NPs composite generates more dislocation density. The addition of 
GAgNPs to Al-CNTs significantly enhanced the ductility mode of fracture associ- 
ated with the AlAg3(110) and AlAg»(100) phases and the small sub-grain formed 
at the surface. It can be concluded that a higher strength, electrical conductivity 
can be made from the developed nanocomposite. 


Keywords: Cashew leaves - electrical conductivity - strength - stress analysis - 
microstructure 


1 Introduction 


Effort has been made by the researcher to develop an aluminum conductor that has 
high strength and electrical conductivity [1]. A carbon nanotube (CNTs) is one of the 
nanoparticle’s electrical conductive reinforcement that attracts researchers’ attention due 
to the high electrical conductivity of CNTs on aluminum [2]. The mechanical properties, 
microstructure, and corrosion of Al-CNTs produced by spark plasma sintering were 
investigated by Ujah et al [3]. They observed higher strength overhead transmission 
conductor. Ujah et al [4] reported the electrical conductivity, thermal, wear properties, 
and microstructure of Al-CNTs produced by spark plasma sintering. They observed high 
wear resistance; electrical conductivity and thermal properties of overhead transmission 
conductor. Mansoor and Shahid [5] used the induction melting method to developed 
Al-CNTs. They observed 77 and 52% enhancement in yield and tensile strength. 
Although with the high electrical conductivity and thermal of CNTs there is a disper- 
sion of entanglement of the CNTs during the production and the high cost of CNTs limits 
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their use in electronic devices [6]. A great shear force is usually needed to help disperse 
CNTs and avoid entanglement in the metal matrix [7]. This limitation is still a challenge 
in the development of Al/CNTs composites. Ultrasonic cavitations, wet mixing, and 
metallic nanoparticles have been used to enhance the dispersion of CNTs in aluminum 
by decreasing the Van der Waals and hydrogen bond interactions. The addition of silver 
nanoparticles (AgNPs) [8] has been successful used with CNTs to produced conduc- 
tive composites. Saif et al [9] reinforced on Al-1%CNTs with 0, 1, 2, 3,4% AgNPS 
and Cu. From the review above on the improvement of the electrical conductivity of 
AI/CNTs using AgNPs, it was cleared that AgNPs have a great potential in enhancing 
the properties of Al/CNTs. But the high demand and cost of AgNPs have been a major 
problem, which reduced the wide application of AgNPs to improves the properties of 
AI/CNTs [10-13]. However, in this work attempt was made to produce AgNPs using 
the biosynthesis method (Cashew leaves extract) to lower the cost of AgNPs used in the 
production of Al/CNTs.. Researchers [10, 11] have shown that the leaves extract from 
Cashew has anacardic acids which have been used as antibacterial agents (Ag+ to Ag) 
in the production of AgNPs [10]. The utilization of leaves extract from Cashew to pro- 
duce Ag-nanoparticles will be less costly and environmentally friendly. Spark plasma 
sintering (SPS) was used in the production of the advanced composites. The choice of 
SPS in this work is regarding the ability to obtain high densification, save time, energy, 
and elimination coarse grain size [3, 4]. 


2 Methodology 


The aluminum powder was purchased in Lagos Nigeria. The aluminum powder has 
99.98% purity. A multi-walled CNTs with a diameter of 10-40 nm and length 10- 
20 um used in this work was obtained from Hongwu Company in China. Cashew leaves 
extract was put inside ethanol (100 ml) for one (1) hour and then 100 ml of AgNO3 
was then added to the ethanol solution and left for 30 min for reaction to take place. 
The samples and the solution were heated to a temperature of 100 °C under constant 
stirring of speed (2000 rpm). The centrifuge was then used to obtain the solid GAgNPs 
[10]. The particle size of the GAgNPs was 45 nm. Al-CNTs+2%GANPs were ball 
milled using a high-speed vibrating ball mill. The ball milling machine contains fifty 
(50) tungsten balls of 10mm diameter. The production of the advanced composites was 
done by a spark plasma sintering machine (SPS) (model: SPS10-3). A composite of 
AI-x%CNTs (x = 1, 2, 3, 4) and constant 2%GAgNPs were produced. Kaise insulation 
test (model SK5010) was used to determine the electrical conductivity measurement of 
the composites. The microstructure obtained in the composites was determined using 
scanning electron microscope (SEM) model: A VEGA 3 TESCAN. The tensile test was 
done by ASTM D3039 using a Testometric universal testing machine. 


3 Results and Discussion 


The electrical conductivity of the samples is displayed in Figure 1. It was observed 
that there was a significant improvement in the electrical conductivity of Al-CNTs and 
AI-CNTs + GAgNPs. A linear increment in the electrical conductivity as the % of 
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CNTs and GAgNPs increases in the formulation was observed. The increment in the 
electrical conductivity of Al-GAgNPs+CNTs than Al-CNT was attributed to the higher 
electrical conductivity of GAgNPs [10] than that of the CNTs. The GAgNPs+CNTs 
can be used as a conducting reinforcement with a high aspect ratio with lower contact 
resistance at CNTs junctions. The electrical conductivity of the a-Al has been enhanced 
from 2.18 x 107S/cm to 2.35 x 107 S/cm for Al-4%CNTs and 4.21 x 107 S/cm 
for Al-4%CNTs-2%GAgNPs respectively. A 7.8% and 93.11% raise in the electrical 
conductivity achieved at Al-4%CNTs and Al-4%CNTs-2%GAgNPs over that of Al- 
matrix. The work had shown a higher electrical conductivity than the work of Ujah et al 
[4] that reported 2.27x 107S/cm for Al-4%CNTs composite. The addition of 2%GAg.NPs 
to Al-4%CNTs can be used in the production of high-tension transmission conductors. 
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Fig. 1. Electrical Conductivity with percentage of CNTs 


The stress-strain curves were obtained for the Al-matrix, Al-4%CNTs, Al- 
4%CNTs+2%GAgNPs are displayed in Fig. 2. In Fig. 2, it was evident that the pure 
Al has the lowest region under the stress-strain curve than the composites (compared 
Fig. 2a with Fig. 2b—c). That means that the nanocomposites have higher toughness than 
the pure Al as revealed by the values of energy absorbed before fracture and percentage 
of strain (Table 1). The stiffness of Al-matrixes was enhanced as a result of the addition of 
CNTs +GAgNPs. Al-4%CNTs+2%GAgNPs have a higher strength of all the samples. 
For example, a tensile strength of 113.43, 157.70, and 206.60MPa were obtained for the 
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Al-matrix, Al-4%CNTs, Al-4%CNTs+2%GAgNPs, respectively. An 82.14% enhance- 
ment in tensile strength was recorded at Al-4%CNTs+2%GAgNPs over pure Al. The 
fracture mechanism of the tensile strength was done by SEM analysis. From the SEM 
images displays in Figure 3, it was revealed that the fracture mechanism of the a-Al con- 
sists of a mixture of both brittle-ductile fractures with transgranular cleavage and tear 
with ridges (Figure 3a). The nanocomposites have a different mode of fracture from the 
a-Al. The nanocomposite carbon particles with intercrystalline, without delamination of 
the particles at interfaces were observed for the Al-4%CNTs nanocomposite (Figure 3b). 
The addition of 2%GAgNPs to Al-4%CNTs significantly enhances the ductility mode 
of fracture (Figure 3c). 
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Fig. 2. Variation of stress versus strain of the samples a) pure aluminum b) Al-4%CNTs c) The 
addition of Al-4%CNTs + 2%GAgNPs. 


Table 1. Results of the tensile properties. 


Samples EM(MPa) | YS(MPa) TS(MPa) | SB(%) | EB(N.M) | ELB(mm) 
Al-matrix 2891.34 | 98.57 113.43 | 16.46 |356.89 | 28.45 
AL4%CNTs 3987.21 | 143.56 157.70 | 19.70 | 598.26 | 35.68 
Al-4%CNTs-2%GAg.NPs | 4890.35 | 198.50 206.80 | 20.78 | 639.56 | 38.89 


EM: elastic modulus, YS: yield strength, TS: tensile strength, SB: strain at break, 
EB: energy at break, ELB: elongation at break. 


270 V. S. Aigbodion 


Fig. 3. Fracture surface of the tensile samples: a) pure aluminum b) Al-4%CNTs c). The addition 
of Al-4%CNTs + 2%GAgNPs 


4 Conclusions 


A new nanocomposites Al-CNTs + GAgNPs was developed using the biosynthesis 
AgNPs from Cashew leaves extract to decorated CNTs. it can be concluded that: Al- 
GAgNPs + CNTs can be used to conduct reinforcement with a high aspect ratio with 
lower contact resistance at CNTs junctions. 7.8% and 93.11% raises are obtained the 
electrical conductivity of Al Al-4%CNTs and Al-4%CNTs + 2%GAgNPs composites. 
An 82.14% enhancement in tensile strength was recorded et al.-4% CNTs + 2%GAgNPs 
over pure Al. High tension conductor application can be made with these materials since 
the values of strength and factor of safety are within the recommended standard. 
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Abstract. The paper focuses on the recycling of end-of-life tires (ELTs) by admix- 
ing ELT recyclates to rubber compounds. It deals with the physical and chemical 
interactions resulting from the admixture of finely ground powder from end-of- 
life tires to a sulfur-cured rubber compound. Using exemplary rubber recipes, the 
effects of viscosity increase, accelerated crosslinking and stiffness decrease are 
quantified and the underlying reasons are explained. 


Keywords: circular economy - elastomer - sulphur migration - accelerated 
scorch 


1 Introduction 


End-of-life tires (ELTs) are a waste stream of high relevance in terms of quantity. Today, 
only a very small portion is recycled into new tires. The average share of ELT recyclates 
across all components of a tire is about 3% [1, 2]. In addition to being used to modify 
bitumen for road construction or thermal recovery, ELTs are granulated and pressed with 
adhesives to form molded parts. Polyurethane is often used as a binder. Processing is 
relatively simple, but such materials achieve only moderate mechanical properties. The 
highest-quality form of recycling appears to be the admixture of finely ground ELT recy- 
clate to rubber compounds. Here, it is often possible to achieve characteristic properties 
equal to those of primary raw materials. However, this route is rarely used today, espe- 
cially because a number of interactions occur in the process. The diffusion of chemicals 
between the recyclate and the rubber compound is the major factor to be mentioned 
here. This influences the crosslinking reaction and thus both the processing behavior 
and the crosslinking density of the resulting materials. These systemic interactions are 
often unpredictable even for experts in the field and pose high hurdles for the utilization 
of ELT recyclates in the rubber industry. The research question of the work presented 
here was the qualitative and quantitative influence of ELT recyclates on rubber com- 
pounds. In this paper, these effects are presented and quantified using exemplary natural 
rubber compounds crosslinked with a-sulfur and a sulfenamide accelerator. The intent 
is to demonstrate the unusual effects to experts in compound development and process 
engineering and to facilitate targeted introduction of recycling applications. 
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2 General Influence on Material Behavior 


First, an overview of the basic influence of the ELT material on the material behavior 
of rubber compounds will be given. Different amounts of rubber powder as well as 
different grain sizes were admixed to a rubber compound and the material behavior was 
characterized by means of crosslinking curves. 

The ELT material was provided by Miilsener Rohstoff- und Handelsgesellschaft 
MRH (Table 1). It origins from truck tires, produced by ambient (suffix “W”’) respectively 
cryogenic grinding (“K”). The material differs by its particle size (mesh size). The ratio 
of surface area to mass is calculated based on an idealized spherical shape and a density 
of 1.15 g/cm?. It is only a rough approximation, because ELT material typically shows 
fractal surfaces and ambient and cryogenic ground materials differ in their specific 
surface area, which is usually larger for ambient ground material [3]. 


Table 1. Overview of the ELT materials used 


ELT material | Mesh size | Average size | Average mass | Average Area per mass 
[um] [um] [mg] surface area [cm2/ g] 
[mm?] 
K0204 200—400 300 0.0163 0.283 173.9 
W0610 600-1000 | 800 0.308 2.011 65.2 
W0520 500-2000 | 1250 1.176 4.909 41.7 


The basic rubber compound into which the ELT material was incorporated is a sulfur- 
cured, sulfenamide-accelerated natural rubber (Table 2). Soluble a-sulfur was applied for 
all experiments. Tests with insoluble j1-sulfur did not yield to any significant differences. 
The mixtures were named according to the mass content wp of ELTs. The preparation 
of mixtures was carried out with a laboratory kneader Brabender Plasticorder (rotor 
N50, temperature 50 °C, rotor speed 50 rpm, filling degree 0.75). The crosslinking was 
measured approximately 21 h after mixture preparation with a moving die rheometer 
(MDR, MonTech D-RPA 3000) at a temperature of 150 °C, a frequency of 1.67 Hz and 
an amplitude of 0.5° . 

Figure 1, left, shows crosslinking curves at various content of cryogenic ground ELTs 
(K0204). Three characteristic changes in the rubber compounds result, which are more 
pronounced with increasing ELT content: 


1. The minimum elastic torque S’ jn increases, thus the viscosity rises. 
The crosslinking reaction starts earlier without significantly affecting the crosslink- 
ing time until the maximum torque Snax. 

3. The maximum elastic torque S’max decreases. This is due to a lower elastic shear 
modulus of the rubber and, above all, a result of a lower crosslink density. 
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Table 2. Recipe of the rubber mixtures. Indication in phr (per hundred rubber) 


Component 0% 5% 10% 20% 40% 
NR SVR CV 50 100 100 100 100 100 

SPHERON® 6-LP 30 30 30 30 30 

Stearic acid 3 3 3 3 3 

Zinc oxide 5 5 5 5 5 

CBS 1 1 1 

Sulphur (90/95) 4 4 4 4 

ELT material 0 T3 16 36 95 


Figure 1, right, shows the influence of different mesh sizes of the ELT recyclates 
at a mass fraction wp of 40%. There is a tendency for both the minimum (1) and the 
maximum torque (3) to rise slightly with increasing mesh size. 
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Fig. 1. Crosslinking behavior as a function of ELT content (K0204, 174 cm?/g) (left) and particle 
size at an ELT content of 40% (right) 


3 Increase of Viscosity 


As shown by (1) of Fig. 1, left, the viscosity of rubber compounds increases when ELT 
particles are admixed. This is particularly relevant for the processability with calendering, 
injection molding or extrusion. A sharp increase in viscosity, for example, often leads 
to high, pulsating pressure and temperature peaks during extrusion. 

In order to exemplarily quantify the influence of ELT material on the flow behavior, 
the shear rate ‘y dependent viscosity n was measured. Therefore, different proportions 
of ELT material were admixed to an unfilled natural rubber (type “first latex crepe” 
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provided by Wagu Gummitechnik GmbH). The ELT material was K0204 according to 
Table | and was admixed in proportions of 10 to 90% to the matrix. The measurement of 
the true dynamic viscosity ņn was carried out with a high-pressure capillary viscometer 
(HPCV) GOTTFERT Rheograph RG25 at a temperature of 80 °C. The measurements 
were adjusted by the Bagley and the WeiBenberg-Rabinowitsch correction. 

Figure 2 illustrates the influence of ELT powder (K0204, 200—400 um) on the true 
dynamic viscosity 7. On the left, the viscosity is shown as a function of shear rate 
for various ELT contents up to 90%. On the right, viscosity is shown as a function of 
ELT content for selected shear rates, relevant for calendering, extrusion and injection 
molding. The viscosity rises with increasing recyclate content, which is more pronounced 
at higher shear rates (the divergence of the 10% curve was confirmed by a double 
measurement). According to Fig. 2, right, the increase as a function of ELT content is 
approximately exponential. In practice, the increase in viscosity is frequently already so 
pronounced at 30% recycled content that problems or productivity reductions can occur 
during calendering or extrusion. However, the compound retains some flowability up to 
and including 90% ELTs. 
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Fig. 2. True dynamic viscosity of ELT/caoutchouc compounds at 80 °C as a function of shear 
rate for variable ELT content wp (left) and ELT content for selected shear rates (right) 


4 Accelerated Scorch and Reduction of Crosslink Density 


4.1 Preliminary Consideration 


As shown in (2) and (3) of Fig. 1, left, with increasing ELT content, the maximum 
torque decreases and the crosslinking reaction starts earlier. Both phenomena are most 
likely due to a mutual diffusion of chemicals. It can be assumed that these effects do not 
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necessarily occur in every case, but depend on the formulation of the rubber compound 
and in particular on the crosslinking system used. However, the effects described were 
observed in varying degrees in many of the author’s tests to date. 


4.2 Decrease of Maximum Torque Due to Sulfur Migration 


Once ELT material is admixed into a rubber compound, sulfur diffuses from the rubber 
compound into the ELT particles [4]. Basically, a diffusion of sulfur from higher to 
lower concentration takes place, whereby the sulfur bound in crosslink bridges in the 
ELT material no longer seems to be relevant at that point. Furthermore, in the case of 
the presence of different caoutchouc types, the chemicals migrate more quickly to the 
phase with the lower glass transition temperature. This diffusion leads to a depletion of 
sulfur in the rubber compound and a corresponding reduction in the crosslink density. 
As a result, the vulcanizate shows a lower elastic shear modulus, which is reflected in 
the form of a lower maximum of the elastic torque (Snax). 


Compensation of Sulfur Migration. To counteract sulfur migration, the content of sul- 
fur (S) and accelerator (CBS) in the base rubber compound should be increased [5]. 
Figure 3 shows the crosslinking and deformation behavior of rubber compounds with 
40% ELT material at different levels of S and CBS. When ELT material is admixed to the 
base compound without any change in its S and CBS content (1), the elastic shear stiff- 
ness (maximum torque S’max) drops. This is also associated with a decrease in SHORE 
hardness from 65 to 57 SHORE A. 

In this context, it is occasionally recommended in literature to take the caoutchouc 
content of the ELT material into account when dimensioning the crosslinking system 
[6]. The average caoutchouc content of ELTs is about 45%. Therefore, with 100 phr 
caoutchouc in the base compound and an admixture of 100 phr ELT, S and CBS would 
have to be increased to 1.45 times. This is the case for mixture (4) of Table 3. For 
mixture (2), only S was increased accordingly, and for (3), only CBS. For (5), S and A 
were increased only by half of that, thus to 1.23 times. 

Figure 3 shows the influence of increasing the S and CBS content. On the left side 
crosslinking curves are shown, which were determined analogously to Chapter 2. On 
the right side, the stiffness (secant modulus) of selected samples is displayed (measured 
according to DIN 53504, S2, 200 mm/min). It is found that both S’max and SHORE 
hardness can be raised back to the level of the initial mixture (base) in this way. 


However, looking at mixture (4), the following can be observed: This mixture has a 
slightly higher SHORE hardness and S’max than (base). According to Fig. 3, right, the 
material nevertheless shows a lower stiffness in tensile test when compared to mixture 
(base). In consequence, this implies that even this compensation does not necessar- 
ily achieve the identical material behavior of the initial compound. A comprehensive 
empirical optimization is usually required to bring ELT/rubber compounds into the target 
window, and it is necessary to focus on one specific parameter, such as SHORE hardness 
or stiffness. Furthermore, even with identical formulations of the base compound and 
the recyclates, it must be assumed that, as a result of sulfur migration and the potential 
additional crosslinking of the recyclates, such compounds might always possess two 
phases with different stiffness characteristics [7]. 
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Table 3. Recipe of the rubber mixtures. Indication in phr (per hundred rubber) 


Component Base 1 2 3 4 5 

NR SVR CV 60 100 100 100 100 100 100 
SPHERON® SO-LP 40 40 40 40 40 40 
Stearic acid 2 2 2 2 2 2 
Zinc oxide 5 5 5 5 3 5 
CBS C 1 1 1 1.45 1.45 1.23 
Sulphur (90/95) 3 3 4.35 3 4.35 3.68 
ELT material (K0204) 0 100 100 100 100 100 
SHORE A 65 57 66 64 67 65 
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Fig. 3. Influence of the sulfur and accelerator content for 40% ELT content on the crosslinking 
behavior (left) and the secant modulus (DIN 53504, S2, 200 mm/min) (right) 


4.3 Accelerated Scorch 


The induction phase is the time prior to actual crosslinking and is therefore crucial for 
the processing time at a specific temperature. Before crosslinking begins, the complexes 
important for sulfur transfer are formed during the induction time (scorch phase). Sulfe- 
namide accelerators react with zinc oxide and sulfur to form an active sulfur-accelerator 
complex, which determines the duration of the induction phase. This is followed by the 
transfer of the sulfur to the rubber. In this context, it seems plausible that such sulfur- 
accelerator complexes diffuse from the ELT material to the rubber matrix and lead to a 
premature start of crosslinking [7]. 

Figure 4, left, shows the influence of the amount of rubber powder (K0204) on the 
accelerated scorch of the mixtures according to Table 2. The right side shows the influence 
of different particle sizes at a filling ratio wp of 40%. The reduction in induction time 
occurs immediately after mixing, and there is an additional time-dependent decrease. 
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This time dependent decline can also be observed for the compound (base). However, for 
the ELT compounds, the ratio of the time tog, required to reach 90% of S’max, over the 
induction time ¢; deteriorates significantly (see Fig. 5, right). The crosslinking reaction 
thus starts earlier, but without significantly influencing the overall crosslinking time. 
The processing window thus becomes smaller without significantly reducing the total 
cycle time. An influence of the particle size is present at the beginning (Fig. 4, right), but 
equalizes after about 100 h. This supports the hypothesis that these are diffusion processes 
which require a prolonged time for longer diffusion paths or low specific surface area. 
Finally, Fig. 5, left, shows the induction time 21 h after mixing as a function of wp. 
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Fig. 4. Induction time at 150 °C as a function of storage time after mixing with various ELT 
content (K0204) (left) and various particle size for an ELT content of 40% (right) 
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Fig. 5. Induction time of rubber compounds at 150 °C, 21 h after mixing, as a function of ELT 
content (K0204) (left) and ratio of the time tgg required to reach 90% of S’max over the induction 
time t; as a function of the time elapsed after mixing (right) 
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4.4 Summary 


A number of physical and chemical interactions occur when end-of-life tire recyclates 
are admixed to sulfur-cured rubber compounds. 

In practice, the increase in viscosity often leads to reduced productivity in extrusion. 
The financial benefits of ELT recyclates, which would be the main consideration in many 
applications, are therefore often outweighed. Additional flow additives therefore have 
to be used in many cases, which also has a negative impact on costs. 

Sulfur migration has to be counteracted at higher ELT contents by increasing the 
sulfur and accelerator content in the base compound. However, this results in a consid- 
erable increase in the total sulfur content of the elastomers. Furthermore, materials are 
produced with two phases of potentially different stiffness and with a partially altered 
deformation behavior, which is increasingly determined by the properties of the tire 
compounds as the ELT content increases. 

If accelerated scorch is problematic in the given manufacturing process, it can be 
counteracted by lowering the crosslinking temperature. However, this results in increas- 
ing cycle times. Even the use of retarders can only compensate for this effect to a very 
limited extent. Initial preliminary tests showed very limited efficiency and were not 
considered in this paper. 


5 Conclusions 


The addition of recyclate to rubber compounds leads to atypical changes in processing 
characteristics, often surprising even to the expert. Their systemic correlations pose 
a challenge for material development and involve a considerable amount of work. In 
order to expand the material recycling of elastomers, it therefore appears appropriate to 
study the effects described here in depth and to systematize them in order to ultimately 
facilitate the implementation of recycling in existing rubber compounds and to initiate 
the development of new compounds that are unaffected by such effects. 
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Abstract. Plastics are used today in many areas of the automotive, aerospace and 
mechanical engineering industries due to their lightweight potential and ease of 
processing. Additive manufacturing is applied more and more frequently, as it 
offers a high degree of design freedom and eliminates the need for complex tools. 
However, the application of additively manufactured components made of plastics 
have so far been limited due to their comparatively low strength. For this reason, 
processes that offer additional reinforcement of the plastic matrix using fibers 
made of high-strength materials have been developed. However, these components 
represent a composite of different materials produced on the basis of fossil raw 
materials, which are difficult to recycle and generally not biodegradable. 

Therefore, this paper will explore the potential for new composite materials 
whose matrix consists of a bio-based plastic. In this investigation, it is assumed that 
the matrix is reinforced with a fibrous material made of natural fiber to significantly 
increase the strength. This potential material should offer a lightweight yet strong 
structure and be biodegradable after use under controlled conditions. Therefore, 
the state of the art in the use of bio-based materials in 3D printing is first presented. 
In order to determine the economic boundary conditions, the growth potentials 
for bio-based materials are analyzed. Also, the recycling prospects for bio-based 
plastics will also be highlighted. The greenhouse gas emissions and land use 
to be expected when using bio-based materials are also estimated. Finally, the 
degradability of the composites is discussed. 


Keywords: Additive manufacturing - Fiber reinforcement - Natural fibers - 
Degradability - Bio-based plastics 


1 Introduction 


Alongside metals and minerals, plastics are the most commonly used materials in additive 
manufacturing. The main advantages are their ease of processing, moderate material 
costs and low weight [1]. However, the areas of application for additively manufactured 
components made of plastics have so far been limited due to their comparatively low 
strength. For this reason, processes that offer additional reinforcement of the plastic 
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matrix with short and long fibers made of high-strength materials (e.g. glass or carbon 
fibers) have been used for some time. Very high strengths can be achieved in particular by 
inserting long fibers made of carbon [2]. This makes it possible to additively manufacture 
highly resilient and at the same time lightweight components that are used, for example, 
in vehicle and aircraft construction. However, these components represent a composite 
of different materials produced on the basis of fossil raw materials, which is difficult to 
recycle and generally not biodegradable. 

Therefore, the question arises as to how these conventional materials can be replaced 
by bio-based and biodegradable materials? In particular, it must be clarified which 
material properties the biomaterials can offer? In addition, it is of great interest which 
economic and ecological consequences the use of biomaterials has? 

In this contribution, the potential of a new composite material is investigated, the 
matrix of which consists of a bio-based plastic. In this investigation, it is assumed that 
the matrix is reinforced with a fiber material made of natural fibers to significantly 
increase the strength. Both short and particularly long fibers can be used. The goal 
is to determine the technical, economic, and environmental potential for developing a 
bio-based composite material for additive manufacturing. This potential material should 
have a lightweight yet strong structure and be biodegradable after use under controlled 
conditions. In addition to the economic potential, the environmental impacts that may 
arise with the industrial use of bio-based materials will be investigated. In particular, land 
grabbing in subtropical and tropical wetlands and the associated reduction in biodiversity 
as well as competition with food cultivation are to be contrasted with the saving of fossil 
resources and the reduction of the greenhouse effect. 


2 Investigation of Potential Composite Materials 


Composites based on plastics and fibers open up great potentials, since the properties 
of the individual components can be surpassed in the composite of a plastic and a 
fiber. The fibers represent the load-bearing component embedded in the plastic [3]. The 
matrix material plays an important role in the composite by holding the fibers in place, 
transferring stresses between the fibers, protecting the fibers from adverse environmental 
conditions, preventing surface abrasion, and supporting the fibers under compressive 
loads [4]. The combination of Additive Manufacturing and fiber reinforcement opens 
up a new field of fiber-reinforced Additive Manufacturing (FRAM). The materials used 
in this process are shown in Fig. 1. 


2.1 Matrix Materials 


When selecting the matrix material, attention should be paid to compatibility with the 
reinforcing fibers. For thermal compatibility between matrix and fibers, it is important 
that the thermal expansion coefficients are relatively similar so that cracks or delami- 
nation between matrix and fibers do not occur during temperature fluctuations. A good 
bond between fiber and matrix is the basis for physical compatibility. Similarly, mechan- 
ical stress should not cause the two composite partners to separate. If the two materials 
do not react chemically, there is also chemical compatibility over a long period of time. 
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This ensures that both materials retain their desired properties over the entire life of 
the component [4]. On the one hand, composites offer many possible combinations of 
different plastic and fiber materials, and on the other hand, material properties such 
as strength and stiffness can be specifically adjusted by the quantity, position, length 
and orientation of reinforcements fibers. The highest reinforcement is achieved when 
the fibers are continuous and run in the direction of the load (long fibers). Therefore, 
material properties can vary not only between components but also within a component 


[3]. 


FRAM Materials 
Matrix Reinforcement 
Materials (MM) Matenals (RFM) 
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Fig. 1. Overview of possible matrix and reinforcement materials in fiber-reinforced additive 
manufacturing (FRAM) (based on [4]) 


2.2 Potential Reinforcement Materials 


Basically, fibers used for reinforcement should be thin and flexible to allow easy inser- 
tion into the matrix material. In addition, they must also have high strength and elasticity 
in order to be able to compensate for the shortcomings of the matrix material. For many 
years, glass fibers and carbon fibers have been used for this purpose because they offer 
extremely high strength. In addition, natural fibers (NF) have also been incorporated 
for some years. These include both animal-based natural fibers (e.g. wool or silk) and 
plant-based fibers (e.g. kenaf, sisal, etc.), which are the focus of this contribution. Both 
types of NF offer some advantages over conventional fibers, such as low cost and good 
recyclability [5]. Natural fiber can also offer some advantages in processing, such as 
significantly reduced abrasion of nozzles in additive manufacturing. Possible disadvan- 
tages of natural fibers include limited strength and low melting point, as well as possible 
moisture absorption, which can limit processability [6]. To overcome the disadvantages, 
some treatment methods for natural fibers have already been developed. These include, 
for example, bleaching of the fibers to improve the mechanical properties [6, 7]. 
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3 Additive Manufacturing Using Reinforcing Fibers (FRAM) 


A high degree of flexibility in production is provided by Additive Manufacturing (AM). 
These processes are characterized by the fact that components are manufactured genera- 
tively in layers and directly without tools. This enables the individual design of compo- 
nents with a wide range of geometric complexity [4]. The fused filament method (FLM) 
has proven to be a particularly simple and robust process, which is also significantly 
more cost-effective than laser-based processes. In AM, conventional materials such as 
ABS or nylon are primarily used. In addition, bio-based materials such as PLA are also 
used, which can also be used as a matrix material in a composite material. The processing 
of continuous fibers within the FLM process is a new approach in AM, which has so far 
been used commercially primarily for the incorporation of conventional fibers. Different 
technologies are used, which differ mainly in how the strands of continuous fibers are 
impregnated and how these fibers are processed with the matrix materials [8]. Currently, 
the most common way to process short fibers with the FLM process is to incorporate 
the fibers into the filament of the matrix material. All axes of the 3D printer are driven 
by stepper motors. While the X and Y axes and thus also the print head move according 
to the paths calculated by the slicer software, the filament with the matrix material is 
feed in the nozzle, melted and deposited on the building platform. This builds up the 
component layer by layer. If a long fiber is to be processed in addition to the filament, 
another motor is used to convey the fiber. First a layer of plastic is extruded and then the 
fiber is laid over it in the desired orientation. [9]. 


4 Economic and Environmental Considerations 


The total global market for composite plastics in 2021 was 12.1 million tons, almost 
back to the level of 2018 [10]. The share of thermoplastic composites is over 50%. The 
European market has a share of approx. 25%. The share of biodegradable bio-based 
plastics in the overall plastics market is still below 1% [12]. Production capacities for 
PLA are estimated to have tripled since 2016 [4]. At the same time, a market survey 
forecasts an 8-fold growth in ten years to over 9 billion USD in 2028 for the additive 
manufacturing market with fiber-reinforced plastics [13]. Both developments, as well as 
the existing use of bio-based PLA as a filament and of conventional glass and carbon 
fibers for AM with conventional plastics, indicate an enormously fast-growing market 
for bio-based and plant-fiber-reinforced plastics. 


4.1 Matrix Materials 


With an increasing market share, the production and life cycle of biodegradable bio-based 
plastics have been investigated for some time with regard to their environmental impact. 
PLA, which is already being additively processed, dominates as a plastic. The production 
routes from maize and sugar cane have been evaluated by Life Cycle Assessments (LCA) 
with regard to various environmental categories [14, 15]. The production of PLA from 
sugar cane with 2,334 gCO2/kg causes approx. 27% less GHG emissions than PET from 
fossil raw materials, which can also be additively processed, with 3,200 gCOo/kg. If the 
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bound CO7 of 1,800 g/kg PLA is considered, the GHG emissions are approx. 84% lower. 
This contrasts with the significantly higher land use of 1,775 m? per ton of PLA. This 
land use can be considered for on the basis of the annual storage capacity of forests of 10 
t CO2/ha by a missing annual CO) storage of 1,775 gCO2/kg PLA (see Fig. 2). For the 
disposal of biodegradable plastics, studies show that, similar to conventional plastics, 
mechanical recycling and incineration are preferable to composting or landfilling [16, 
17]. Without accounting for land use, GHG emissions are lower for PLA than for PET 
in all three EOL scenarios: landfilling, power from WIP (Waste Incineration Plant) and 
heavy oil substitution in high temperature processes. When land use is considered, Fig. 2 
shows that apart from mechanical recycling (not shown), only the addition of heavy oil 
substitutes in high-temperature processes is more climate-friendly than the landfilling 
of PET. 

This is in contrast to the extremely low degradation rate of PET and the accumulation 
of microplastics in the environment during wild dumping. Considered for one year of 
product life cycle, the use of PLA instead of PET is always advantageous, except for 
the EOL scenario landfilling. Extrapolated to the annual global plastic consumption in 
glass fiber reinforced plastics of approx. 5 million tons, approx. 8,875 km? of arable land 
would be required in warm, humid regions. In return, 13.5 million tons of CO2 could 
be saved, which corresponds to the annual binding by approx. 13,500 km? of forest and 
significantly overcompensates for land use. 
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Fig. 2. Comparison of CO2 emissions of PET and PLA without and with accounting for land use 
as missing CO) storage for 1 year. 


4.2 Fiber Materials 


Similar to bio-based plastics, studies on life cycle assessments have primarily shown 
savings in fossil energy and greenhouse gas emissions and comparatively higher land 
use [18-20]. The production of natural fiber using the example of kenaf consumes 
comparatively less than 10% of fossil energy and generates about 30% of greenhouse gas 
emissions without considering CO storage [18]. This corresponds to the EOL scenario 
of landfilling, where the stored CO; is released (see Fig. 3). The land use of 1,040 m? of 
arable land per ton of kenaf can again be converted into a missing annual storage capacity 
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of 10 t/ha of forest [19]. As a result, the EOL scenario Landfill is slightly advantageous 
for fiber, while Power from WIP is only possible for kenaf and shows clear advantages. 
Again, extrapolated to the annual global glass fiber consumption in plastics of about 5 
million tons, this would require about 5,200 km? of farmland. In return, 7.3 million tons 
of CO2 would be saved in the EOL scenario Power from WIP, which corresponds to the 
annual binding by approx. 5,400 km? of forest. 
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Fig. 3. Comparison of CO2 emissions of glass fiber and kenaf fiber without and with accounting 
for land use as a missing CO) reservoir for 1 year. 


4.3 Fiber-Reinforced Polymer Materials 


The comparison of polymers and fiber materials with regard to greenhouse gas emissions 
without and with consideration of land use in the form of missing CO7 storage capacity 
now leads to a comparison of glass fiber reinforced PET (PET GF) with PLA reinforced 
with kenaf fiber (PLA KF), which has 70-90% of the tensile strengths. Both composites 
are considered with a realistic 50% weight share of fiber material. Without taking land 
use into account, PLA KF causes about 60% of the greenhouse gas emissions of PET GF 
with the EOL scenario Landfill and about 30% with the EOL scenario Power from WIP 
(see Fig. 4). If land use in the form of lost forest storage capacity is included, PLA KF 
is significantly above PET GF with the EOL scenario Landfill, while the EOL scenario 
Power from WIP leads to 72% of the GHG emissions. The most climate-friendly EOL 
scenario here is also mechanical recycling, whereby fiber shortening during shredding 
leads to lower strength. The contribution of the use of natural fiber-reinforced degradable 
biopolymers to climate protection with the inclusion of land use is mainly determined 
by the EOL scenarios for a product lifetime of one year. If the product lifetime doubles, 
the influence of land use on the CO2 balance is halved. Composting or landfilling lead 
to the release of the stored CO2, whereas with PET GF this lack of effect leads to a 
better balance. Nevertheless, the biodegradability of composites made of biopolymer and 
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natural fibers reduces the environmental impact of wild dumping. Microplastic emissions 
are estimated at 5—18 million tons of plastic worldwide [21]. The share of thermoplastic 
emissions for Germany is estimated at 38% in the same study. For conventional plastics, 
a degradation time of 2,000 years is assumed, which leads to the already visible and 
problematic accumulation in the environment. 
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Fig. 4. Comparison of the CO2 emissions of PET GF and PLA KF without and with the inclusion 
of land use as a missing CO reservoir for 1 year. 


5 Conclusion 


The present analysis shows that the use of composites based on bio-based and biodegrad- 
able materials is possible. Suitable matrix materials as well as reinforcing materials in 
the form of natural fibers are available for this purpose. The feasibility of these bio 
composites has already been extensively demonstrated. Additive manufacturing in the 
form of FFM is particularly suitable for implementation, as the insertion of fibers can 
be excellently integrated here. The economic and ecological analysis shows that the use 
of biomaterials makes a significant contribution to climate protection compared to con- 
ventional materials, if the products are used for a long time and recycled for materials or 
energy after use. However, these potentials are not yet being exploited on a large scale, as 
natural fibers are hardly available for additive manufacturing. In contrast to conventional 
composites, there is also a lack of suitable manufacturing systems that allow simple and 
safe processing of natural fibers in conjunction with bio-based matrix materials. 


References 


1. Wohlers, T., Campbell, R.I., Diegel, O., Kowen, J., Mostow, N.: Wohlers report 2021. 3D 
printing and additive manufacturing: global state of the industry. Wohlers Associates, Fort 
Collins, Colorado (2021) 


292 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


A. Friedel and S. Junk 


Gibson, I., Rosen, D., Stucker, B., Khorasani, M.: Additive Manufacturing Technologies. 
Springer eBook Collection, Cham (2021) 

Domm, M.: Additive Fertigung kontinuierlich faserverstérkter Thermoplaste mittels 3D- 
Extrusion. IVW-Schriftenreihe, Band, no. 138 (2020) 

Fidan, I., et al.: The trends and challenges of fiber reinforced additive manufacturing. Int. J. 
Adv. Manuf. Technol. 102(5-8), 1801-1818 (2019). https://doi.org/10.1007/s00170-018-032 
69-7 

Wambua, P., Ivens, J., Verpoest, I.: Natural fibers: can they replace glass in fiber reinforced 
plastics? Compos. Sci. Technol. (2003) 

Mangat, A.S., Singh, S., Gupta, M., Sharma, R.: Experimental investigations on natural fiber 
embedded AM-based biodegradable structures for biomedical applications. RPJ 24, 1221- 
1234 (2018) 


. Balla, V.K., Kate, K.H., Satyavolu, J., Singh, P., Tadimeti, J.G.D.: Additive manufacturing 


of natural fiber reinforced polymer composites: Processing and prospects. Compos. Part B: 
Eng. 174, 106956 (2019) 

Pandelidi, C., Bateman, S., Piegert, S., Hoehner, R., Kelbassa, I., Brandt, M.: The technol- 
ogy of continuous fiber-reinforced polymers: a review on extrusion additive manufacturing 
methods. Int. J. Adv. Manuf. Technol. 113, 3057-3077 (2021). https://doi.org/10.1007/s00 
170-021-06837-6 

Junk, S., Dorner, M., Fleig, C.: Additive manufacturing of continuous carbon fiber-reinforced 
plastic components. In: Scholz, S.G., Howlett, R.J., Setchi, R. (eds.) Sustainable Design and 
Manufacturing 2020. SIST, vol. 200, pp. 149-159. Springer, Singapore (2021). https://doi. 
org/10.1007/978-981-15-8131-1_14 

Witten, E., Mathes, V.: Der Markt fiir Glasfaserverstirkte Kunststoffe (GFK) 2020 (2022). 
https://www.avk-tv.de/files/20201111_avk_marktbericht_2020.pdf.Accessed11.April 
Umweltbundesamt: Biobasierte und biologisch abbaubare Kunststoffe (2020). https:// 
www.umweltbundesamt.de/biobasierte-biologisch-abbaubare-kunststoffe#haufig-gestellte- 
fragen-faq. Accessed 20 Dec 2021 

SmarTech Publishing: New SmarTech Report: 3D Printed Composites Market Taking Off 
with Part Production Driving Global Revenues to Nearly $10 Billion by 2028 (2017). https:// 
www.mceadcafe.com/nbe/articles/1/1637105/New-SmarTech-Report-3D-Printed-Compos 
ites-Market-Taking-Off-with-Part-Production-Driving-Global-Revenues-Nearly-10-Billion- 
by-2028. Accessed 17 Dec 2021 

Vink, E.T.H., Davies, S.: Life cycle inventory and impact assessment data for 2014 Ingeo ™ 
Polylactide production. Ind. Biotechnol. 11, 167—180 (2015) 

Morao, A., de Bie, F.: Life cycle impact assessment of Polylactic Acid (PLA) produced from 
sugarcane in Thailand. J. Polym. Environ. 27(1 1), 2523-2539 (2019). https://doi.org/10.1007/ 
$10924-019-01525-9 

Schulz, C.: Marktzahlen & Marktentwicklung biobasierter/bioabbaubarer Kunststoffe 
(2018). https://www.ifbb-hannover.de/files/IfB B/downloads/webinarreihe/20180118_Web 
inar_16_Marktzahlen.pdf. Accessed 21 Dec 2021 

Rossi, V., et al.: Life cycle assessment of end-of-life options for two biodegradable packaging 
materials: sound application of the European waste hierarchy. J. Cleaner Prod. 86, 132-145 
(2015) 

Deng, Y.: Life Cycle Assessment of biobased fiber-reinforced polymer composites (2014) 
Rezvani Ghomi, E., et al.: The life cycle assessment for Polylactic acid (PLA) to make it a 
low-carbon material. Polymers 13, 1854 (2021) 

De Beus, N., Carus, M., Barth, M.: Carbon Footprint and Sustainability of Different Natural 
Fibers for Biocomposites and Insulation Material (2019). http://eiha.org/media/2019/03/19- 
03-13-Study-Natural-Fiber-Sustainability-Carbon-Footprint.pdf. Accessed 11 April 2022 


Potential Analysis for the Use of Bio-Based Plastics 293 


20. La Rosa, A., Grammatikos, S.: Comparative life cycle assessment of cotton and other natural 
fibers for textile applications. Fibers 7, 101 (2019) 

21. Bertling, J., Hamann, L., Bertling, R. (Eds.): Kunststoffe in der Umwelt. Kurzfassung der 
Konsortialstudie, Fraunhofer-Institut fiir Umwelt-, Sicherheits- und Energietechnik (2018) 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Check for 
updates 


Development of Magnetic Sheets for CO2 
Efficient Electric Drives Using an Additive 
Manufacturing Approach 


Alexander Schmidt!:2&),, Marco Ziegler’, Jorg Franke”, and Alexander Kuehl? 


1 Siemens AG, Otto-Hahn-Ring 6, 81739 Munich, Germany 
alexander-schmidt@siemens.com 
2 Institute for Factory Automation and Production Systems (FAPS), 
Friedrich-Alexander- Universitat Erlangen-Ntirnberg (FAU), Fuerther Strasse 246B, 
90429 Nuremberg, Germany 


Abstract. Climate change and its negative consequences for the environment are 
the greatest challenge of the current era. Electric machines are considered key 
both for the generation of regenerative electricity and as a substitute for fossil 
fuels in industry and fossil engines in the transportation sector. Resource-efficient 
manufacturing and operation of electric machines are therefore of high importance. 
The central component of every electric machine is the soft magnetic core. The 
manufacturing process and material selection are influencing the iron losses during 
operation. This paper presents a novel technology for manufacturing magnetic 
sheets and lamination cores for carbon dioxide efficient electric drives using an 
additive manufacturing approach. The potential of the technology is explained and 
the challenges in process development are highlighted. 


Keywords: Additive Manufacturing - Magnetic Sheets - Electrical Steel - 
Sustainable Manufacturing - Electric Motor - New materials 


1 Introduction 


The emission of greenhouse gases from fossil fuels are responsible for climate change. 
Therefore, different measures are necessary to reduce greenhouse gas emissions and 
slow down climate change with its negative consequences. The European Union (EU) 
agreed the European Green Deal in 2021. This intends a reduction in net greenhouse gas 
emissions of 55% in 2030 compared to 1990. By 2050, net greenhouse gas emissions 
are even to be reduced to zero. The transport and the industrial sector are major drivers 
of the emissions to be reduced, each accounting for 25% of the EU’s total energy con- 
sumption. Therefore, electrification of these sectors with simultaneous supply of energy 
from renewable sources is indispensable for the success of the strategy [1, 2]. 

There are various electric machines such as electric drives for battery electric vehicles 
(BEV) or generators for wind turbines. In these, losses occur during energy conversion. 
This results in heating of the machine and the heat must be dissipated. Iron losses, which 
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can be reduced by using laminated FeSi electrical sheets, are a fundamental contributor 
to the total losses. Conventional electrical steel sheets are produced in complex multi- 
stage forming and heat treatment procedures and then processed into rotor or stator 
laminations [3]. The minimum thickness of the sheets to be processed is limited, as 
thinner sheets must be cold rolled more frequently. This increases brittleness until the 
magnetic sheet can no longer be further processed, e.g. punched. Standards for thin 
electrical sheets are classified between 0.2 and 1.0 mm according to DIN EN 10106 [4]. 
Also even thinner grades are under development. The application in electric machines is 
highly limited [5, 6]. Furthermore, material utilization during the forming of the stator 
and rotor sheets is about 50%, so that a large percentage of the unused material must be 
reprocessed expensively [7]. 

Due to the disadvantages of the conventional manufacturing process of electrical 
steel sheets for electric machines, new technologies and more efficient manufacturing 
processes need to be identified. This paper presents a concept for a novel additive man- 
ufacturing approach. In addition to flexibility and degree of freedom of the design, this 
approach enables a further reduction of the sheet thickness and thus of the eddy current 
losses. On the other hand, the material utilization in manufacturing phase can be max- 
imized. First, a holistic process chain is established, starting with the iron powder, and 
ending with the stacked sheet package. Subsequently, the main potentials and challenges 
of this technology are shown and discussed. 


2 State of the Art 


In this part the different types of losses in electric machines are shown. Subsequently, 
the process chains for the conventional production of electrical steel and the process 
chain for the additive manufacturing of magnetic sheets are presented. 


2.1 Losses in Electric Machines 


The losses of electric machines vary within the torque-speed characteristic field. At 
constant torques, the ohmic losses in the windings of the stator determine the efficiency 
of the electric machine, since torque and current are proportional. In the medium speed 
range, the iron losses dominate, while the efficiency at high speeds is defined by the eddy 
current losses. In addition, mechanical losses such as friction occur during operation. 
Figure 1 classifies the loss components of electric machines [8]. 

The iron losses are divided into hysteresis, eddy current and excess losses [9]: 


Piron = Physt + Pw + Pexc (1) 


The losses depend on the material density p. Hysteresis losses are the losses which arise 
due to wall movements in Weiss domains during the magnetization reversal process. 
This loss component is proportional to the area of the hysteresis loop traversed by the 
B-H diagram, characterized by maximum and minimum induction B. It is proportional 
to the frequency f of magnetic reversal and approximately proportional to the product 
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Fig. 1. Categorization of loss types in electric machines 


of the axis intercept of the field strength, i.e. the coercivity H, and the amplitude of the 
induction Bmax: 


4H, 
Physt = ky x Fa x Bmax X f 2) 


The eddy current losses are calculated according to Maxwell’s equations for the magnetic 
flux parallel to sheet direction with o as electric conductivity and d as sheet thickness 
by: 


n? xo xd 


6p 
Since the loss contribution is reduced proportional to the square of the thickness d, any 
technology lowering the thickness fits to this task. In addition to global eddy current 
losses, local eddy current losses in the magnetic domain structure, known as excess 
losses, occur. These losses are attributed by Bertotti to the energy demand that arises 
during the displacement of the Bloch walls [9]: 


Pw = Ba Xf? (3) 


Cx 
Pere = -E BI? x f (4) 


60 max 


2.2 Conventional Manufacturing Process of Electrical Sheets 


A distinction is made between grain-oriented (GO) electrical steel and not-grain-oriented 
(NO) electrical steel. GO electrical sheets have a preferred magnetic direction and there- 
fore they are used in transformers, for example, because of the direction-dependent 
magnetization and the high importance of lowest hysteresis losses. Due to its isotropic 
properties, NO electrical sheets are more suitable for rotating machines such as electric 
drives as in these no magnetic preferred direction is desired [10]. 

NO electric steel is also distinguished between two manufacturing routes. One is 
semi-finished annealed electric steel. In this variant, the magnetic properties are finally 
adjusted after the sheet stacking process. In this way, manufacturing influences, for 
example by the stamping process, can be subsequently reduced. In this study, however, 
the fully finished NO electrical steel, which is frequently used in European industry and 
in the automotive sector, is considered. The manufacturing process for finally annealed 
NO electrical steel is summarized in Fig. 2, [10]. 
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Fig. 2. Process chain for manufacturing of NO electrical steel coils for electric drives 


2.3 Process Chain of Additive Manufactured Magnetic Sheets 


The additive manufacturing approach to produce magnetic sheets is fundamentally dif- 
ferent from conventional electrical steel production. There are various additive manufac- 
turing processes to produce stators and rotors. These includes Selective Laser Melting 
(SLM) and Fused Deposition Modeling (FDM) as well as screen printing, which is 
selected in this case [11]. 

The starting point of the process chain is iron ore production, followed by iron 
powder production. Thus, it is not a strip material but a powder metallurgical process 
that is considered. To make the iron powder usable in screen printing, the paste rheology 
and in particular the viscosity of the paste must be adjusted with the aid of various solvents 
and binders. In addition, sintering additives are alloyed into the paste to allow optimum 
thermal processing of the magnetic sheet after printing. After sintering, the sheets are 
electrically insulated, stacked, and packaged. Figure 3 summarizes the process. 


Iron ore production Iron powder Paste production Sereen printing . 
production Drying 
Bindering & ; ; Stacking & 
Sintering Separation Coating Packaging 


Fig. 3. Process chain for manufacturing of printed magnetic sheets for electric drives 


In iron ore and iron powder production, there are no differences to standard powder 
metallurgical processes. Therefore, these steps will not be considered in more detail. 
The paste production for the screen printing includes the sub process steps weighing 
and mixing of its components. The paste is composed of iron powder, solvent, binder, 
and sinter additives. The ingredients are mixed until a homogeneous mass is obtained. 
Then the paste is applied to the screen-printing screen and printed on substrate carrier. 
Screen printing uses a squeegee to press printing paste through a fine-mesh texture onto 
a substrate. It is classified as a through-printing processes. 

The green parts printed on the carrier are immediately dried to fix the geometry. In 
the next step, thermal processing is prepared. Therefore, a separation layer is applied to 
the magnetic sheets, and they are stacked. This intermediate step serves to better utilize 
of the furnace volume and is followed by debinding and sintering. In this thermal process 
the magnetic, mechanical and geometric properties are determined. After sintering, the 
stacks are separated, electrically insulated and then further processed into the final stack 
of sheets. 
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3 Potential Benefits and Challenges of Additive Manufactured 
Magnetic Sheets 


This chapter highlights the various advantages and disadvantages of the additive manu- 
facturing approach of magnetic sheets compared to the conventional rolling process. A 
distinction is made between technological, economic and sustainability aspects. 


3.1 Technology Evaluation 


In the technological evaluation, simple and effective manufacturing processes on the 
one hand low iron losses and high magnetic permeability as well as high efficiency in 
the utilization phase of the electric machine are essentially. In this context the addi- 
tive manufacturing of magnetic sheets offers various advantages. In the screen-printing 
process, the sheet thickness can be varied and reduced as required [12]. Lower sheet 
thicknesses reduce eddy current losses during operation of the electric machines. The 
higher the frequency in the application, the greater the effect of the sheet thickness on the 
total losses. Even the hysteresis losses can be positively influenced. During the printing 
and sintering process, tailored microstructures can be achieved, which are not possible 
in a cold rolling process. [10] In this way, the desired magnetization processes can be 
achieved, thus reducing the hysteresis losses. 

In addition, Additive manufacturing enables the rapid design of complex but 
efficiency-optimized magnetic sheets, since no complex and expensive tools have to be 
constructed. For example, aimed control of the magnetic flux routing can be optimized 
by using local flux barriers [13]. 

For certain applications, there are further significant advantages. In the automotive 
sector, where installation space is severely limited, smaller machine dimensions are 
advantageous. But also in industrial robots, a reduction in the weight of the drive unit 
enables a wide range of opportunities. In combination, additively manufactured electric 
machines thus have the potential to achieve higher energy efficiency classes. 

A technological challenge is to achieve a high sintering density of almost 100%. The 
more porous the material, the less iron, and thus magnetically conductive material, is in 
the laminated core. 

A second technological challenge is the process step of insulating the magnetic 
sheets. While in conventional electric steel production the entire coil is insulated in 
the final annealing and coating process step, the individual sheet must be insulated 
in the additive manufacturing approach. This results in a significantly higher process 
complexity, due to the handling of individual sheets compared to rolled electrical steel. 


3.2 Economic Efficiency Analysis 


The presented new technology is in the stage of pre-competitive development. The 
current costs are therefore not comparable with the standard process. Thus, ramp-up 
scenarios must be simulated. The profitability analysis evaluates the factors material 
costs and material utilization, manufacturing- and tooling costs as well as the Total Cost 
of Ownership (TCO) for the customer. Material costs are difficult to compare due to the 
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massive differences in quantities. With a small market share, the cost per ton for iron 
powder are higher than for electrical steel. In terms of material utilization, the additive 
manufacturing approach offers great potential since the final geometry is already printed 
in the green part state. Only solvents, binders and sintering additives are consumed 
from the material used. In the conventional production, the stator and rotor sheets are 
stamped out of the coil, resulting in a material loss of about 50%. Furthermore, the power 
consumption over the entire process chain can be reduced. 

The conventional electrical steel production is an established and cost-optimized 
process. Manufacturing costs per ton vary depending on technical data, such as alloy 
composition and sheet thickness. Printed sheets can achieve similar costs for high-end- 
products. For industrial standard applications, the manufacturing costs are higher. 

Due to the higher efficiency (Chapter 3.1), the utilization phase is the determining 
factor for the economic efficiency of printed magnetic sheets. The higher the amount of 
operating hours of the electric machine and the more complex the operating scenarios 
in terms of acceleration and speed variance, the more advantageous the TCO. Higher 
manufacturing costs can be compensated by energy savings and material savings at 
the system level. For example, through a lower demand for copper for the winding or 
permanent magnets. 

The economic analysis estimates that the conventional manufacturing is economi- 
cally advantageous in the production phase for standardized and high-volume products. 
The innovative manufacturing approach is particularly suitable for high-performance 
machines and complex operating models, where the technological benefits are more 
pronounced. 


3.3 Sustainability Analysis 


The analysis of sustainability is based on the technological and cost potential presented. 
As before, a distinction is made between the manufacturing phase and the use phase. 
Printed magnetic sheets improve the environmental footprint of electric machines com- 
pared to the conventionally manufactured sheets. The material utilization rate is signif- 
icantly higher, as no stamping waste is produced. This currently must be transported 
again and reprocessed with high effort. 

Printed magnetic sheets are also advantageous in the utilization phase of the electric 
drives, as they are more efficient due to the reduced sheet thickness as well as isotropy 
and high purity. This leads to lower energy consumption for the same output. For the 
utilization phase, the electricity mix of the country in which the motor is used must be 
taken to account. The lower the proportion of green electricity, the higher the positive 
effect of energy savings on the CO7 footprint [14]. 


3.4 Assessment of Technological, Economic and Sustainability Potentials 


Finally, the potentials of the technologies are summarized and compared in Table 1. The 
evaluation at this stage takes the form of higher versus lower potential. 
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Table 1. Assessment of technological, economic and sustainability potentials 


Conventional manufacturing | Additive manufacturing of 
of magnetic sheets magnetic sheets 

Technology 

Motor efficiency 0 + 

Magnetic properties 

Stacking factor (Iron) 0 

Economic 

Material costs + 

Manufacturing costs 

Energy costs 0 + 

Sustainability 

Resource efficiency (material | 0 ++ 

utilization rate) 

Energy efficiency 0 + 


4 Conclusion and Outlook 


Printing magnetic sheets for use in electric machines offers technological advantages, 
as the reduction in the thickness of the laminations can significantly reduce eddy current 
losses during operation. In addition, resource efficiency in manufacturing and operation 
phase of different types of electrical machines such as spindle-, traction- or robot drives 
can be increased. The current development and scaling of the technology is based on 
parameter studies, which are evaluated using Six Sigma methods such as design of 
experiment to increase process repeatability and reproducibility. This is necessary to 
reach out the economic goals. 

As part of a public funded project, the sub-process steps for producing the powder 
based magnetic sheets are first to be developed and scaled up. In the second step, the parts 
will be combined into a holistic, continuous and traceable overall process. In parallel, 
methods and use cases will be developed to qualitatively compare the technological and 
ecological benefits with the conventional manufacturing of electrical steel. 
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Abstract. The increasing use of Additive Manufacturing technologies and sys- 
tems in several industrial sectors and their numerous applications turn the atten- 
tion of scientists and investigators to studying and evaluating the environmental 
impacts of these processes. Additive Manufacturing generally allows for a reduc- 
tion of raw material consumption and waste generation. On the other hand, the 
need for long processing times and the necessary thermal conditioning of the 
manufacturing chamber to avoid product defects, lead to a considerable amount 
of consumed energy per produced item. Energy consumption has been a primary 
concern of the research on the sustainability of Additive Manufacturing indeed. 
More recent studies extended the analysis through more complete evaluation meth- 
ods such as the Life Cycle Assessment. This approach allows a detailed description 
of environmental impacts but is affected by some concerns about the need for an 
interpretation of the final results, which can be non-univocal. This fact is particu- 
larly critical when the assessment is intended to be used for comparison between 
alternative solutions. 

In this study, a novel index is introduced including three main aspects: mate- 
rial consumption, energy requirements and mechanical performance. The pro- 
posed formulation makes the index immediately usable for comparing alterna- 
tive solutions. Within the scope of this study, the index has been applied to one 
of the most widespread Additive Manufacturing processes, namely Fused Fila- 
ment Fabrication. The presented case study demonstrates the suitability of the 
proposed method to compare and identify the optimal choice among alternative 
manufacturing scenarios. 
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Consumption - Life Cycle Assessment - Performance Index 
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1 Introduction 


Additive Manufacturing (AM), also known as 3D printing (3DP), is becoming increas- 
ingly important in modern industry. Although prototyping is still today one of the most 
widespread uses of AM, several applications for the production of end-use parts can 
be found in the industry. The role of these processes is expected to become even more 
crucial to the manufacturing of the future under the impulse of the Industry 4.0 paradigm 
[1]. Analysts forecast an expansion of the AM market with a Compound Annual Grow 
Rate of 21% from 2021 to 2028 [2]. This scenario makes the research on AM sustain- 
ability especially relevant. Specifically, it is necessary to provide users with adequate 
tools to predict and reduce the environmental impacts of these technologies. 

Most of the research focused on the electrical performances of the process. This is 
because 3DP is generally characterized by long processing times, which determine a 
higher machine utilization and energy consumption if compared to traditional technolo- 
gies [3]. Conversely, AM has generated an important expectation for material saving 
since it allows for designing lightweight parts and reducing waste [4]. 

Life Cycle Assessment (LCA) has been extensively adopted to quantify the Environ- 
mental Impacts (EIs) of 3DP processes. The most common application of these studies 
is to compare the impacts of AM with those of traditional processes [5]. 

LCA methods comprise indicators describing different aspects of the impact on 
the environment the results of the study consist of multiple indicators which cannot 
be directly aggregated. This poses serious issues when LCA is used for comparison 
purposes. Moreover, this method does not consider the effects of manufacturing strategies 
on part properties. This is the main limitation since in real industrial cases it is very 
important to know in advance the impact that the manufacture of a new product will 
have on obtaining the desired mechanical properties, seeking an intelligent solution that 
allows the use of materials and energy to be limited. 

Several indicators inspired by the triple bottom line framework and related to environ- 
mental, economic and social performance were proposed. A literary review concerning 
sustainable performance indicators is presented in [6]. Nearly seventy indicators were 
considered with the aim to identify a strategy for selecting those indicators that are 
principle contributors to sustainability and to validate the proposed selection through a 
comparison to ten of the most widely used indicator sets and guidelines. All the con- 
sidered indices do not take into account the mechanical properties of materials and 
manufactured parts. 

A novel index named Consumption Performance Sustainability Index (CPST) is pre- 
sented here for the comparison of manufacturing solutions. This index is calculated 
through a very simple formulation including the most relevant aspects to process sus- 
tainability, namely energy and material consumption. In addition, the mechanical prop- 
erties are included to provide the designer with information on the expected resistance of 
the manufactured part. Two different formulations of the index accounting for different 
mechanical properties are presented and compared in the following sections. 

The CPSI is dimensionless so that different designs, materials and production pro- 
cesses can be compared more easily and it is not necessary to express it in particular 
units such as tons of equivalent CO2 produced. 
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A direct comparison with other known indicators is outside the scope of the present 
work. 

The proposed index is presented with an application to Fused Filament Fabrication 
(FFF), which is the most widespread AM process on the market. There is a large body 
of research on this process discussing the impact of this technology and the influence of 
process parameters on mechanical properties [7]. A complete review of this literature is 
beyond the scope of this study. 

Tensile specimens with different infill orientations and densities have been manufac- 
tured through an industrial-grade FFF printer. In-line measurement of energy consump- 
tion was carried out during printing. Tensile tests allowed for measuring the mechanical 
properties of each infill strategy. The information collected was then used to calculate 
the index and compare the different solutions. 


2 Methods 


2.1 Consumption Performance Sustainability Index 


In the general formulation, the CPSI can be expressed as in Eq. 1: 
CPSI = Imat X Ten X Ipp X Imp X Ip (1) 


where Imat accounts for material consumption, Ien accounts for energy consumption, Ian 
accounts for part performance, Imp accounts for material performance and I p accounts 
for part density. 

The material consumption index is defined in Eq. 2: 


Imat = - (2) 


where Mpart and Miot are the mass of the part and the total consumed material, respectively. 
The difference between these two quantities is determined by the auxiliary material 
needed for printing. For example, several AM processes require support structures to 
print overhang geometries [8]. The amount of these support structures is strongly affected 
by the design and build orientation of the part. 

As it can be seen in Eq. 2, Imat is dimensionless. High values of this index mean a 
low amount of waste during the process, i.e. an efficient use of resources. 

The energy consumption index is defined in Eq. 3: 


(3) 


where Ep is the energy consumed for printing. This quantity can vary significantly 
depending on the AM process considered. Moreover, process parameters can drastically 
affect energy consumption [9]. 

Ien can also be seen as the inverse of the specific energy, i.e. the energy consumption 
per mass unit. Therefore, for a certain amount of processed material, higher values of 
Ien correspond to lower energy consumption. If using the International System of Units 
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(SI), the unit of measure of this index is s*y m2- Although this ratio is not dimensionless, 
its units will be offset by those of the material performance index. 

The part performance index is calculated as in Eq. 4: 

P part 
‘op Pinat 

where Pmat and Ppart are the mechanical property of the material and the 3D printed 
part, respectively, along the direction of the applied load. “P” can be Young’s modulus 
or the Ultimate Tensile Strength (UTS) depending on which of these requirements is 
more relevant to the design. This index is strongly affected by the printing strategy and 
process parameters. Particularly, build orientation and hatching strategies can determine 
considerable differences between the mechanical properties of the base material and 
those of the manufactured parts. 

The formulation of the material performance index Imp is shown in Eq. 5: 


Pinat 


Pmat 


Imp = (5) 
where (mat is the density of the feedstock material. It can be seen that substituting 
Young’s modulus and UTS in Eq. 5 leads to, respectively, the specific modulus and 
specific strength of the material [10]. These properties give important information on the 
material resistance with reference to its weight. This is important not only to reduce the 
amount of waste at the end of the product’s life but also for applications where lightweight 
parts can reduce the impacts of use[11, 12]. Both calculated based on Young’s modulus 
or UTS, the units of the material performance index are m | s2 in the SI and compensate 
for those of the energy consumption index as stated previously. 
The part density index is defined in Eq. 6: 


Ip = Pmat (6) 
Ppart 


where part is the density of the manufactured part, i.e. the ratio between the part mass 
Mpart and Vmodel the volume of the virtual model. I p can be expressed in Eq. 7: 


Pmat (7) 


A difference between pmat and Ppar, may be due to the non-complete filling of the part, 
which may be intentional, in case of hatching densities lower than 100%, or due to 
porosities induced by the manufacturing process [13]. This index is dimensionless. 

The final formulation of the CPSI can be obtained by substituting Eqs. 2 to 7 in Eq. 1. 
The final formulation differs based on whether Young’s modulus or UTS are considered 
for design; the corresponding indices CPSIy and CPSI o are given, respectively, in Eq. 8 
and Eq. 9: 


Mpart Mot Y, part Ymat V model Ypart 


CPSIy = x x x x Pmat = (8) 


Mtot Ep Ymat Pmat Mpart p 
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m m UTS UTS V, UTS 
CPS T,= ‘part x tot 7 part x mat x model a~ part (9) 
Mtot Ep UTS mat Pmat Mpart ep 


where ep = Ep/V moade: is the consumed energy per unit of volume of the model. 

As it can be noticed, the formulation in Eqs. 8 and 9 allows for the calculation of the 
CPSI with a limited amount of information. This is a key point to facilitate the adoption 
of the index for decision-making in real industrial cases, enhancing the sustainability of 
the results. 


2.2 Experimental Methods 


The CPSI was applied to parts manufactured by FFF for validation. Specifically, a set 
of tensile specimens designed as in ASTM D638-14 type I standard was used for the 
characterization of mechanical properties. V moade is then equal to 22067 mm?. The spec- 
imens were manufactured with different combinations of infill density and orientation. 
Specifically, a full-factorial Design of Experiment (DOE) was carried out using three 
levels of infill density (namely 100%, 90% and 80%) and three directions of hatching 
lines, i.e. 0°, 90° and + 45° to the load direction. Three repetitions of each specimen were 
tested. All the specimens were printed with a Fortus 250 by Stratasys® using ABS SR30 
for parts and ABS P430 for support structures. A T14 nozzle with a 0.356 mm diameter 
was used for the process. The energy consumed by the printer was acquired through an 
ElNet Energy and Powermeter with serial and TPC/IP interface ports allowing direct 
interface with a PC. The specimens were tested with a universal testing machine Instron 
3382 equipped with a long travel 2603-080 extensometer. 


3 Results and Discussions 


3.1 Experimental Results 


Table 1 reports the measured data of the manufactured specimens, where tp is the building 
time and the other variables are as previously defined. 

In Fig. 1 UTS values versus part mass are shown. It can be seen that the highest 
strength is observed in specimens oriented at 0°, i.e. when the material is deposited along 
the load direction, being in good agreement with existing studies on the anisotropy of 
FFF parts. It can also be observed in Fig. | that the UTS of parts linearly decreases with 
density in the case of 0° orientation, while a drastic reduction is observed moving from 
100% to 90% in the case of 90° due to that when tracks are not adjacent, the filament 
is not able to transmit the stress along the direction of the load. On the other hand, the 
printing time varies significantly with the infill strategy, as can be observed in Table 1. 
Specifically, the specimens oriented at 0° require less time than others due to the lower 
number of direction changes required by this path. Remarkably, the energy consumption 
is almost linearly proportional to the building time, as can be seen in Fig. 2, suggesting 
that the main source of energy consumption is the heating system. 

In fact, during printing, the build chamber is maintained at 76 °C to ensure the quality 
of manufactured parts. Therefore, the energy required to maintain these temperatures 
appears to be the main contribution to the overall energy consumption of this technology. 
This result is consistent with the findings of previous studies [14]. 
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Table 1. Measured data 
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Density Orientation Ep Mpart tb UTSpart Ypart 
(%) ©) (Wh) (g) (s) (MPa) (MPa) 
100 0 398 + 17.8 18.4 + 0.1 2552.7 + 0.6 34.7 + 0.6 743.7 + 45.5 
90 0 378.74 16.6 + 0.1 2396.7 + 0.6 30.8 + 0.4 692.1 + 31.7 
80 0 338 + 19.1 153 £0.1 2225.7 + 0.6 latis 673.7 + 35.8 
100 90 589 + 21.8 18.6+0 4027.3 + 34.9 27.8 + 1.1 728 + 48 
90 90 544.3 + 7.2 16.9+0.2 3699 + 1 10.6 + 1 471.3 + 30 
80 90 503 + 11.8 15.40 3353.3 + 0.6 97 +03 287.9 + 8.5 
100 +45 546.7 + 9.3 18:5 40.1 3697.7 + 0.6 3140.9 638.1 + 28.2 
90 +45 514.3 + 2.1 16.9 + 0.1 3391.3 + 0.6 22.241 538 + 14.1 
80 +45 459.7 +22 15.3 £0.1 3101 +0 18+ 0.5 381.1 + 10.3 
36.00 © 
€ o 
UTS (MPa) a 
« 
18.00 
9,00 4 s 
15.00 16.00 17.00 M part (8) 19.00 
Fig. 1. Ultimate tensile strength versus part mass 
600 - Orientation 
Ep (Wh) © 
500 P 
450 d 
400 o®? 
350g 
300 
2100 2600 3100 t, (5) 4100 


Fig. 2. Energy consumption versus printing time of parts 


3.2 Consumption Performance Sustainability Index Calculation 


The CPSIy and CPSY o indices of different specimens are plotted in Fig. 3a and Fig. 3b, 
respectively. Notice the difference between the CPSI values calculated using Young 
Modulus and UTS. Figure 3 shows that the solution with infill oriented at 0° appears 
to be preferable in both analyses. This is consistent with the results of Table 1, which 
show that this orientation allows for minimising building time and energy consumption 
while maximizing mechanical performance. Interestingly, the highest value of CPSI 
corresponds to different solutions whether Young’s modulus or UTS are considered. 
Specifically, the solution with 80% infill density and 0° orientation is preferred in the case 
of Young’s modulus. This finding suggests that, as far as this orientation is concerned, 
the improvement in stiffness achievable by maximising the infill density is less relevant 
than the impact on energy consumption. The solution at 100% is still slightly preferable 
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to that at 90%. On the other hand, the maximum CPSI o is achieved at 100% density 
and 0° orientation. In other words, the increase in strength justifies a higher energy 
consumption. 


~ a) b) 
1.4x10° 6.0x10* 
CPSh oe CPSI, «* 
ORAR 4.0%10" 
8.0x10° e G 
e .0x104 
6.0x10% >f SR ¢ © 
4.0107 2.0x10"* 
2.010% 1,0x10* & 
250 450 Your 850 8 15 22 UTS, 36 
(MPa) (MPa) 


Orientation @ 0° @ 245" @ 90" Density @ 100% © 90% O 80% 


Fig. 3. Consumption performance sustainability obtained considering a) Young’s modulus and 
b) Ultimate tensile strength 


When considering other orientations, it is possible to notice that solutions at higher 
densities appear to be always preferable. This can be explained if considering the sharp 
drop in mechanical properties reported in Table 1. On the other hand, CPSIy is higher 
for full specimens oriented at 90° than for those at + 45°. This is consistent with the 
higher stiffness of these specimens. An opposite ranking is observed for CPSI ø. This 
index drops for specimens oriented at 90° with infill densities lower than 100%, which 
exhibit poor mechanical properties in the face of high energy consumption. 


4 Conclusions 


This paper presented a novel index named CPSI to compare different solutions in AM 
processes. This index aims at combining the environmental impacts of the process and 
mechanical properties of the manufactured parts. CPSI is dimensionless in order to allow 
for the comparison of different solutions. 

The index has been obtained by multiplying coefficients accounting for different 
properties of the material, geometry and process. The formulation of the index allows 
for the simplification of numerous terms, which leads to a simplified formula. This means 
that the CPSI can be calculated with a limited amount of data, which eases the adoption 
to drive decision-making in real industrial cases. 

The effectiveness of the index has been verified in a real 3D printing process. Specif- 
ically, a set of specimens for tensile tests has been printed on an industrial-grade FFF 
machine acquiring the energy consumption during the process. The results demonstrated 
that the index allows for the identification of the solution with the best compromise 
between mechanical performance and resource consumption. It has been shown that the 
preferable solution changes depending on which mechanical property is considered dur- 
ing design. This is due to the high influence of deposition strategies on the performance 
of manufactured parts in this process. 

Overall, the index appears to be an easy-to-use and effective way to compare different 
manufacturing scenarios or part designs. Therefore, the adoption of this index is expected 
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to foster the reduction of impacts in AM applications. In addition, we are planning further 
activities to extend the use of the proposed index to other manufacturing processes with 
particular attention to other AM processes. 
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Abstract. Additive Manufacturing (AM) is an emerging and promising technol- 
ogy increasingly adopted from Industry. However, Industry is responsible for the 
majority of global carbon emissions (CEs), heavily contributing to greenhouse 
effect. Therefore, it is important to define the environmental impact of all pro- 
cesses, including AM carbon footprint. This work aims at reviewing literature for 
the equations for CE calculations of AM and developing a framework for CEs 
calculations generated from all the types of AM. Literature was found for some 
AM types, with each type of AM described stepwise and categorized per Process, 
Machine and System level. At each step, the equations for CEs, based on car- 
bon emission factor and energy spent, were allocated. At process level, CEs come 
exclusively from the energy spent for curing. At the machine level, CEs are related 
to the process, auxiliary equipment and consumables. At system level, additional 
CEs are derived from material used, pre-processing and post-processing steps. 
Total carbon emissions are the sum of CEs at machine level and additional CEs 
from system level. Generalization of this approach led to a framework that can be 
used for all types of AM, to calculate CEs of each AM type based on the steps 
included. 


Keywords: Additive Manufacturing - Carbon Emission Calculation - Carbon 
Footprint 


1 Introduction 


Additive Manufacturing (AM) is the process of joining materials to make objects from 
3D model data, usually layer upon layer [1] and it is one of the fundamental elements of 
the fourth industrial revolution [2-4]. However, industrial advantages often come with 
increased carbon emissions (CE), leading to increase of global temperature. This is why 
the term of carbon footprint has been developed, in order to measure the environmental 
impact of products, processes, infrastructures, individuals, mainly all human related 
activities. Carbon footprint is the total amount of greenhouse gases, including dioxide 
and methane, that are generated by our actions [5]. As the role of ecological constraints 
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is increasing affect manufacturing technologies [6], it is imperative that AM is examined 
from an environmental point of view. 

Previous literature presents the environmental impact of AM [7—9] and how to reduce 
it [10]. Optimization models have also been suggested regarding the energy efficiency 
of AM [11], while others try to approach it from a sustainability point of view [12, 13]. 
However, a holistic analysis regarding the carbon footprint of every AM method is yet 
to be done. 

The aim of this study is to develop a framework for computing carbon emissions 
generated from additive manufacturing processes using appropriate energy equations. 


2 Materials and Methods 


This study focuses on summarizing the methodologies used for calculating the CE of AM 
processes, on the type and the amount of energy that these processes require, as well as 
the necessary materials. Databases of Google Scholar, ResearchGate and ScienceDirect 
were researched for relevant papers. Keywords used were: “additive manufacturing”, 
“CO7 emission”, “environmental impact’, “carbon emission”. In order to be considered 
for the review, the papers had to fulfill the following selection criteria: (a)Type of process 
and (b)Calculation of CE using mathematical equations. At the end, the papers were 


categorized as follows: 


Stereolithography (SLA) 

Selective Laser Sintering (SLS) 
Electron Beam Melting (BEM) 

Laser Engineered Net Shaping (LENS) 
Fused Deposition Modeling (FDM) 


Each AM approach has multiple steps, starting from auxiliary equipment switching 
on, all the way to the equipment being shut down when operations are over. For this, the 
three-level approach was used as proposed by Fysikopoulos et al. (2014) [14] in the case 
of machining, where steps were grouped per process, machine tool and system level. 
Process concerns the energy interactions related to the physical mechanisms of the pro- 
cess itself’. The machine level focuses on the auxiliary equipment and the consumables 
(fluids etc.). System is about the material consumption and the actions that take place 
before or after the processing. 


3 Results 


Literature review was done to figure out how much work was already done regarding 
the carbon footprint calculation of AM processes. Precisely, Stereolithography (SLA) 
[15], Selective Laser Sintering (SLS) [16], Electron Beam Melting (EBM) [17], Laser 
Engineering Net Shaping (LENS) and Fused Deposition Modeling [18], each had one 
paper estimating, however, their energy consumption instead of the carbon footprint. 
Then the CE was calculated through the following equation: 


CE = CEF -E (1) 
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where CE is the carbon emitted due to consumption, EC the energy consumed, measured 


in (GJ), and CEF the Carbon Emission Factor, measured in (=e). The aforemen- 


tioned techniques were described step-by-step and then categorized into levels as seen in 
Table 1. In SLA the object is created by selectively curing a polymer resin layer-by-layer 
using an ultraviolet (UV) laser beam. SLS is a powder bed printing technology. It uses 
a high-power laser to sinter small particles of polymer powder into a solid structure, 
tracing the geometry of digitally sliced CAD models layer by layer and working from 
the bottom of the part upwards. EBM [19] is a process where high-velocity electrons 
concentrated into a narrow beam that are directed towards the work piece, creating heat, 
and vaporizing the material. LENS [20] uses computer-controlled lasers that, weld air- 
blown streams of metallic powders into custom parts and manufacturing molds. In FDM 
[21] an object is built by depositing selectively melted material in a predetermined path, 
layer by layer. Further description of these techniques is presented in Table 1. 

The three-level approach [5] was adapted to the AM techniques as seen in Fig. 1. 
Process level includes CE from the energy consumed during the process and are mainly 
caused by the electrical energy consumption of the laser. At Machine level, the emis- 
sions of the process level increase by the emissions of the auxiliary equipment and the 
consumables, namely every action that the printer has to perform in order to function 
properly, depending on the AM process. Lastly, the System level includes CE from the 
Machine level plus CE from pre and post-processing along with the ones of the material 
consumption. 


4 Framework for CE Calculation for AM 


A framework is proposed, to allow for CE calculation for every AM method. This will 
derive from the generalization of the “Levels method” used above in the previous tech- 
niques. Thus, it can be said that the CE at the Process level (CEprocess) come exclusively 
by the energy spent for curing (Eprocess): 


CEprocess = CEF, process ` Eprocess (2) 


In the Machine level the carbon footprint depends on the energy spent at the process 
level, by the auxiliary equipment (CEauxiliary) and by the consumables (CE: cons). 


CEmachine = CEprocess + CEaux T D CEi cons (3) 
i 


Which can also be written as: 


CE machine = CEprocess T CEauxiliary equipment + = CEi cons = CEprocess + CEFaux + Eaux 


I 


F > CEF; cons j Qi, cons 
i 


(4) 


where (CEFy,,,) is the CE factor of the auxiliary equipment consumption, (Eaux) the 
energy required by the auxiliary equipment, and (Q;, cons) the quantity of the consumables 
used for the creation of the final product. 
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Table 1. Level categorization of AM techniques (P-Process, M-Machine, S- System) 


AM technique 


SLA 


Levels 


P 


Steps 


Laser beam will harden actual part geometry 


M 


Resin dispensation 

Build platform is lowered 

Laser unit directs UV beam to a reflective mirror 

Galvo motor system directs beam at the bottom of the resin tank 
Support structures layer is hardened 

Build platform rises peeling the part from the bottom of the tank 
Re-coater sweeps the surface 


Design 

Print preparation software 
Instructions sent to printer 
Chemical bath 
Post-curing 


SLS 


Focused beam directed to the powder surface a cross-section of the 
part geometry 


Powder pre-heating 

Roller dispenses the powder 

Laser unit directs a beam to a reflective mirror 

Powder delivery system moves up 

Platform lowers by one layer 

Re-coater distributes the next layer of powder and excess powder is 
captured in the collection container 

Part and chamber cool down 


Design 

Print preparation software 
Instructions sent to printer 
Part cleaning 


EBM 


The electron beam moves selectively causing the powder particles to 
fuse together 


Build platform is pre-heated 

Roller dispenses the powder 

Electromagnetic coils point the beam towards the desired points of 
the build platform 

Build platform is moved down one layer 

Powder delivery system moves up 

The re-coater distributes a new layer of powder 


Design 

Print preparation software 
Instructions sent to printer 
Polishing of the part 


(continued) 
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Table 1. (continued) 


AM technique | Levels | Steps 
LENS P ¢ The metal melts at the focal point of the laser 


M ¢ Inert shroud gas distribution 

e A laser beam created by a laser generator is focused through a lens 
onto the workpiece 

¢ The powder-feed system regulates the mass flow 

e The metal solidifies 

¢ The head moves in the z-axis 


S e Design 

¢ Print preparation software 

e Instructions sent to printer 

e The part is heat-treated/ machined etc 


FDM P ¢ The material is distributed to create the part 


M e The extrusion head is automatically fed by the system 
¢ Build chamber is pre-heated 

e Build platform rises to initial position 

e A few layers of material are distributed as a support 

¢ The build platform moves down 


S e Design 
e Print preparation software 
e Instructions sent to printer 


Emissions by the 
energy consumed 
during the process: 


= FE process 


Mainly electrical, 
Cousumed by the laser 


Emissions of the process level, the 
auxiliary equipment and consumables: 


* Movement of the building platform 

* Heating of the powder and maintenance 
of temperature. 

* Powder delivery system etc. 


BE Ersaciine 


Emissions of the machine level increased by the energy 
consumed during pre and post processing and the material consumption: 


BP Even 


Cooling fan, 
Lighting of the machine 
* Lost powder ete, 


Fig. 1. Levels of AM processes. 


The consumables can either be liquid (CEfuia) or gas (CE gas): 


> CEi cons = CEgas F CE ftuid (5) 


l 
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Regarding the auxiliary equipment, any of the followings can be included depending 
on the AM method used 


CE quxitiaryequipment = CE materialdispenser F CE puitdplatformmotor Ez CEgalvomotorsystem 
+ CE;ecoater + CEheater + CElaserunit + CEpressure F CE gasdispenser 


+ CEneadmotor + CE lighting (6) 


Thus, every method needs a material dispenser whether it is liquid, pow- 
der or solid (CEmaterialdispenser). Some methods have a moving building platform 
(CEbuildplatformmotor} on which the product is being built, while in others it is the head that 
moves layer by layer (CEheadmotor). To ensure the smoothness of each layer recoaters 
are sometimes necessary (CE;ecoater). Accordingly, there are methods that need a heater 
(CEheater) for the right composition of the material, while most of the printers have some 
light for the easier use of the machine (CE lighting )- Regarding the laser-based methods, 
CE are created by both the galvo motor system (CEgalvomotorsystem) and the laser unit 
(CElaserunit). Lastly, special conditions may require the use of gas (CEgasdispenser) or 
pressure (CEpressure) in the building environment. 

Table 2 presents the aforementioned framework, as described. 


Table 2. CE framework for AM (P-Process, M-Machine, S- System) 


Level Procedure Equation 
P Energy spent during CEprocess = CEF process * Eprocess 
curing 


CE machine = CEprocess 
+ CEaux + 5 CEi cons 


L 


M Energy spent at the 
process level and by the = CEprocess + CEFaux + Eaux 
auxiliary equipment and $ 5 CEF; cons ` Or cons 


the consumables F 


CEsystem = CEmachine 


ar > (CE; transp + CE; prod 
S Energy spent at the i 

machine level, for the + CE; disp) + CEpre—process 
material production, 
transport, and disposal 
and by pre/post 
processing 


+ CE post—process 
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5 Discussion 


Carbon emissions in AM are caused mostly due to the energy consumption that this 
technique requires at process, machine, and system level, by the auxiliary equipment 
and the consumables, by the production, transportation and disposal of materials, as 
well as by the pre and post processing. The framework presented in this work suggests 
a simple, yet effective approach of estimating the CE of every AM technique. The most 
common source of CE for all three levels is the electrical energy spent. The amount 
of energy spent for every step multiplied by a specific Carbon Emission Factor (CEF) 
results into the CE of this step. 

This paper examines AM from a different point of view, the one concentrating on 
the carbon footprint of the process, in contrast with the majority of energy-spent focused 
research that has been done this far. It suggests a holistic framework estimating the 
carbon emission of every AM technique and doesn’t focus on just one process. This is 
necessary, especially now that green manufacturing plays such an important role due to 
the increasing climate change. Nevertheless, being at an early stage the aforementioned 
framework comes with some limitations. Only the electrical energy spent for every task 
is taken under consideration. 


6 Conclusions and Future Outlook 


Nowadays, a framework estimating the CE of every AM technique should be considered 
not only helpful but also necessary to ensure the sustainability of the process. This can 
be done by dividing the processes into steps which will then be categorized into levels. 
Once the energy spent is estimated, then the carbon footprint can be calculated. 

In future works, a more detailed determination of carbon emission factors should be 
included to find which level of AM is the most environmentally harmful. Additionally, 
some ways of reducing the carbon emissions should be suggested. The same applies for 
the materials used. Thus, examining all the required parameters we will see which one, 
if changed, will give the desired outcome. 
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Abstract. Since the North Rhine-Westphalia (NRW) region is currently under- 
going a structural change towards a CO2 neutral energy supply, the use of additive 
manufacturing (AM) can offer great potential to produce in a more sustainable 
way. AM can also offer opportunities for industry with regard to other aspects, 
since production complexity can also be reduced, and time-to-market shortened 
at the same time. Against this background of increasing importance of AM, this 
study has the focus to find out what competencies an employee in AM should have 
in order to establish him/herself in this area in the future and successfully use AM 
in the industry. For this purpose, problem-centered and guided expert interviews 
were conducted with 19 experts from different industries. The interviews were 
then transcribed and evaluated using Mayring’s content analysis. A key finding 
of this work is that knowledge of technology and materials, the ability to part 
identification, and a basic understanding of the process chain in AM are among 
the most important hard skills for a future employee in AM. Regarding soft skills, 
the willingness to openly exchange ideas, the ability to work in a team in conjunc- 
tion with good communication skills, a conscientious approach to work and the 
right mindset are emphasized. In conclusion, regarding structural change in NRW, 
it is clear from the interviews that the experts particularly suggest opportunities 
in the area of sustainability, but also greater collaboration within companies and 
universities involved in AM. 


Keywords: Additive Manufacturing - Sustainable production - Competencies - 
Upskilling and Reskilling 


1 Introduction 


Additive manufacturing (AM) is now used in many industrial manufacturing processes. 
It is seen as a key technology for the current industrial structural change and many 
companies are intensively dealing with the different printing processes, materials and 
economic use [1]. To do this, employees in the respective industries must learn new 
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skills and also already have knowledge from their university or school education. The 
aim of this work is to find out which competencies, that comprise knowledge, skills 
and attitudes, are of essential importance in this context. Furthermore, the study deals 
with the question of which technologies and materials are preferably used in additive 
manufacturing, especially in the NRW region, and which of these could become relevant 
in the future [2]. 

This paper first explains the theoretical basis of additive manufacturing in current 
industrial applications, the technology maturity of individual printing processes and 
materials, and the existing and lacking knowledge of AM workers. Afterwards, the 
procedure of the qualitative content analysis is explained. The preparation and follow- 
up of the conducted problem-centered and guideline-based expert interviews, as well as 
the result evaluation and analysis are also presented. Finally, the results are discussed, 
taking into account possible limitations and the actual derivation of recommendations 
for industry, trainers and universities. 


2 State of the Art 


2.1 Additive Manufacturing 


Additive manufacturing - often also called 3D printing or rapid prototyping - belongs 
to the industrial manufacturing processes. It represents a new category in manufac- 
turing technology in addition to classical processes. A distinction is made between 
subtractive manufacturing processes, such as machining, milling or turning, and for- 
mative manufacturing processes, such as casting or forging. Additive manufacturing 
is a layer-based automated manufacturing process of physical objects based on three- 
dimensional computer aided design (CAD) files [3]. All additive manufacturing methods 
in the printing process do not require an object-dependent tool. However, the entire pro- 
cess chain is counted as additive manufacturing. This includes the design, the selection 
of the appropriate technology and materials, the parameter settings or calibration of the 
printer, the monitoring of the printing process and the post-processing. Without a series 
of post-processing steps, the components are often not usable in the industries under 
consideration, automotive, aerospace and energy [4]. 

Manufacturing with AM therefore requires expertise in the different process steps 
of the AM process chain and also the linking of the steps for a smooth flow of the entire 
AM process chain. 


2.2 Typical Areas of Application 


To apply additive manufacturing, it is worth looking at the advantages over traditional 
manufacturing technologies. One advantage is weight reduction through intelligent 
design, where material is only added where forces need to be absorbed. This saves 
both material and fuel, helping to improve resource efficiency and reduce emissions. 
Some components whose conventional design is already complex can be improved 
to any degree of complexity through additive manufacturing [5]. For example, chan- 
nels for flow control were applied to an impeller with additively manufactured blades. 
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Additive manufacturing can also combine new materials, such as certain high-strength, 
temperature-resistant, weather- and moisture-resistant metal alloys or polymers, whose 
use was not previously possible due to the material properties at room temperature or 
slow cooling rates of traditional manufacturing techniques. A common application of 
AM is prototyping, which contributes greatly to developing new innovations, merging 
multiple components, or redesigning. It can also be applied to the production of low vol- 
ume parts, e.g. spare parts or the aftermarket of discontinued models or the customizing 
of cars or consumer goods [6]. 


3 Methodology 


Our exploratory study to identify what competencies are required of employees in addi- 
tive manufacturing consists of 19 problem-centered expert interviews [7]. We selected 
experts based on multi-year experience in application of additive manufacturing tech- 
nologies in the field and recruited them via the platform LinkedIn. Industries in which our 
experts are active include aerospace, automotive, energy among others. The interviews 
lasted from 40 to 90 min. For the interviews, we designed a semi-structured interview 
guideline that consisted of four main parts that investigated the AM-technology applied 
by experts and questions on skill requirements of employees (Green skills, digital skills, 
hard and soft skills). All interviews were audio-recorded and then transcribed. All 291 
pages of transcript were subjected to thematic analysis according to Mayring [8] using 
the software MAXQDA. Codes were developed by iteratively moving through the data 
in multiple cycles and subsequently developing categories in an inductive approach. 
Coding categories emerged in a step-by-step process from open-ended observations of 
the researchers and were merged to a final set of themes [9]. A total of eight categories 
with an average of five subcategories were discovered. 


4 Results 


One of the questions of this study deals with finding out which skills are necessary for 
the future AM employee to establish himself in this field in the future. In addition to the 
hard skills, the questionnaire also addresses the soft skills that future employees need, as 
mentioned by the participants. In addition to the “hard” and “soft”, it is also important 
to know how these can best be taught in the future. Therefore, direct implications to 
educational content were identified via the interviews. The second part of the research 
questions deals, among other things, with which technologies, materials, applications 
and trends could be specifically relevant for the NRW region in the future. The main 
findings are presented in short in the Table | and discussed in depth in the following 
subchapters. 


4.1 Hard Skills 


Among many skills mentioned, the focus is on process-related AM knowledge, material 
knowledge, quality management and part screening, which are discussed in depth as 
follows. 
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Table 1. Key findings from 19 interviews related to hard and soft skills, educational and regional 
implications 


Category Development/Conclusions 

Hard skills e Process-related AM knowledge, material knowledge, quality 
management and part screening 

Soft skills e Open for innovation, way of working, ability to work in a team, 
way of thinking 


Educational implications | e Theoretical AM knowledge, dual study for practice knowledge, 
material science, technology potential related to use case, 
teaching based on standards, use of enabling technologies 


Regional implications e Sustainability and sustainable production, open source, great 
potential to SMEs, digital warehouse for storage of spare parts 


Process-related AM knowledge was mentioned by 17 out of 19 participants in this 
study as an important “hard skill” that future employees in the AM area should have. 
This is about developing a basic understanding of all processes within the process chain 
and not just being a specialist in one area. The participants emphasize the advantage that 
future employees could draw from such a skill. These are, for example, possibilities of 
scaling, faster problem solving, but also the understanding of what limitations there are 
in 3D printing. 


“Every additive process has different sizes that it can scale. [...]. And for that it’s 
no enough to know how I design what, you have to understand the technology. 
Not in detail, but you need to understand how the process is, what constraints and 
function it has.” (IP 14, lines 170-177) 


The experts also see material knowledge as an important hard skill in additive man- 
ufacturing. The participants emphasize that in AM the challenge often lies in knowing 
which material is suitable for which product and what possibilities the materials give 
you in the first place when it comes to printing products. This is because the partici- 
pants emphasize that materials have special properties that should be known in order 
to achieve the best possible component. Therefore, they see knowledge in the field of 
materials science as mandatory for AM. 

As with all manufacturing processes, the quality of the component also plays a major 
role in AM, as several experts note in the interviews. Therefore, knowledge in this area 
is also crucial for the future AM employee. For example, one should know how to deal 
with standards and where to find them. The experts are concerned to show that the AM 
engineer has a certain understanding of quality assurance in AM and also deals with it. 

The experts increasingly note in the interviews that it is crucial for companies to 
filter which parts are to be produced by 3D printing in the first place. Therefore, they 
see part screening, known as well as part identification, as an important “hard skill”. It 
is about identifying which parts are suitable for AM and then creating a business case 
for the company. One could see this skill as an initiator to enable an AM process and to 
optimize it in the further course. 
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“That will really depend on the component, in order to find out the component, 
one goes through screenings, i.e. small numbers of parts, and then looks at what 
properties the component must have” (IP5, line 172—174). 


With regard to other technological competencies, it is emphasized that it is impor- 
tant not only to specialize in a single process, but to acquire knowledge of all current 
processes. The participants also note that basic economic knowledge is also useful. This 
is important in order to establish the technology, because positive financial results and 
the correct calculation of costs, even the best process has no chance in industry. Further- 
more, the experts emphasize that certain IT competencies is always important because 
one comes into contact with a lot of software and data in the field of AM. In addition, it 
is often mentioned that knowledge of CAD and Python would be an advantage for future 
employees. Regarding sustainability expertise in AM, participants state that a common 
and logical sense is important in this context, but also awareness and understanding of 
the product life cycle, i.e. from its creation, though material procurement to the finished 
product. 


4.2 Soft Skills 


The interviewees mentioned various personal and social qualities, which are summarized 
in the following subcategories: Open for innovation, way of working, ability to work in 
a team, way of thinking. 

From the interview material, various characteristics can be summarized under the 
term “open for innovation”. The majority of respondents mentioned the aspect of open 
exchange with different networks or other sectors. Particularly with regard to innovation, 
since AM is evolving rapidly, the willingness to engage in open exchange and good 
communication skills are advantageous in order to learn from the experiences of others 
and to obtain new inspiration and ideas and thus drive innovation forward. 


“It’s a field where you really rely on innovation and you learn a lot through network 
in the end too [...]” (IP9, lines 306-309) 


Furthermore, the interview participants named various characteristics that can be 
summarized in the subcategory “way of working”. Particularly regarding the protection 
of intellectual property, a conscientious way of working is considered important by the 
experts. In addition to working with Non-Disclosure Agreement, which are particularly 
relevant in the area of research and development and thus also in many AM areas, several 
participants also mentioned the responsible handling of IT data and the conscientious 
implementation of their own company security guidelines. As additive manufacturing 
consists of many different subject areas, the participants emphasize that the ability to 
work in ateam and, as a result, good communication skills are advantageous. In particular, 
when determining in which areas or for which components 3D printing can be used, it 
would be necessary to work in interdisciplinary teams. But good communication is 
also necessary within the process chain in additive manufacturing so that, for example, 
components can be optimized through adapted CAD models. 

The subcategory “way of thinking” is mainly composed of two soft skills that are 
mentioned by the interviewees: Interdisciplinary Thinking and Mindset. As already 
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mentioned, AM is composed of different topics in the process chain. The participants 
state that a holistic view in connection with a linked way of thinking is relevant. It is 
very important to understand the connections and interactions between processes and to 
have interdisciplinary knowledge. 


“Employees are very successful when they keep their eyes on the big picture. 
[...] A more global approach, don’t just have the skills in one area.” (IP10, lines 
245-249) 


Another soft skill mentioned by the participants in the context of way of thinking 
is mindset. On the one hand, this refers to the fascination with technology, whereby 
the employee has a high willingness to learn and is also motivated to advance and 
develop the technology. On the other hand, the interviewees mention that it is important 
to break away from conventional manufacturing processes and to think in terms of AM 
structures in order to check the possibility of additive manufacturing directly during 
product development. 


4.3 Educational Implications 


Based on the interviews, it can be seen that it is particularly important to the participants 
to convey sufficient theoretical AM knowledge in teaching or training. Universities in 
particular are cited here as a crucial instrument whose task it is to implement this. 
The participants made it clear that there should be a stronger focus on theoretical AM 
knowledge at universities, as this is often not sufficiently covered in the degree courses. 
The experts feel that there is a lack of depth and comprehensiveness with regard to the 
teaching of theoretical AM knowledge. 

In addition to the theoretical AM knowledge that should be taught, the study also 
suggests that the application of theoretical knowledge is often missing in teaching. In 
the interviews, the experts convey the impression that this aspect in particular should 
not be neglected in teaching. The combination of practice and theory in a kind of dual 
course of study is also suggested, among other things. 


“[...] I need theory modules, but I also need practice, so of course you could have 
a kind of dual course of study where you are perhaps in the company, but also 
parallel somewhere at the university” (IP4, lines 543—545). 


In addition to practice, the experts also attach great importance to the topic of mate- 
rials science. They explain that knowledge of materials in AM plays an essential role in 
being able to develop the potential of the technology. This is because it is possible to 
assess the requirements of the materials and what is possible with them. Therefore, they 
see it as the duty of teaching not to neglect this in studies or training. 

These are two subcategories which were mentioned sporadically by experts and offer 
an interesting educational approach: “technology potential meets use case & teaching 
based on standards”. The screening of business cases is, as already mentioned in the “hard 
skills”, an important skill in AM. It would therefore be good to include in teaching which 
technologies fit which type of use case. The subcategory teaching based on standards 
also provides an exciting aspect for a possible approach to “new” learning methods. 
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Standards play a major role in AM and can be found practically throughout the process 
chain. On the basis of these, a kind of basic study could be derived, which covers a large 
part of the competencies required in AM. 

Regarding trends and future development of AM, the participants state that they 
do not see a breakthrough of the technology in the future, but rather that there will 
be a gradual improvement and thus industrialization of AM technology, so that the 
market of AM will grow and more companies will take up additive manufacturing 
processes to take advantage of AM in the development process. In addition, several 
participants see that due to industrialization, the technology is increasingly used in 
series production. In addition to the future development of AM technologies and their 
materials, several interviewees also discuss various technologies that are summarized in 
the category “enabling technologies”. These include all technologies that can be used 
in addition to the actual AM manufacturing processes. Several interview participants 
mention virtual or augmented reality (VR/AR) from teaching, through AM product 
design until live assistance during AM production and quality assurance. 


4.4 Regional Implications 


The experts see the first opportunity for NRW in the area of sustainability. Particularly 
when it comes to creating closed resource cycles or producing more sustainably, they see 
potential in the area of AM that could be exploited in NRW. In addition to sustainability, 
the idea of collaboration or “open source” is also suggested. The experts note that open 
exchange between a wide range of bodies could represent an opportunity for NRW 
and is often given little or no consideration. In addition, the interview partners mention 
isolated aspects that represent exciting opportunities for NRW. The two most interesting 
mentioned ones are the great opportunity for SMEs to benefit from AM and a project 
in the context of the storage of spare parts in NRW. The experts outlined the options 
available to companies, since AM is not widespread in many sectors and it is precisely 
here that funding projects could help to drive forward structural change in NRW with 
regard to AM. Projects from the federal government and the EU are mentioned frequently. 


5 Conclusions 


The aim of this study is to show which skills future employees will need in the field of 
AM. In addition, a relationship between additive manufacturing and structural change 
in NRW is to be presented. The focus here is on determining which of the processes 
are currently relevant and which opportunities AM offers for NRW. Among the hard 
skills were emphasized on process-related AM knowledge, material knowledge, quality 
management and part screening. As soft skills, the interviewees mentioned as the most 
relevant the open for innovation, way of working, ability to work in a team, way of think- 
ing. In addition to the “hard” and “soft” skills, direct implications to educational content 
were identified. The present study provides exciting new insights in the area of learn- 
ing methods. For example, it highlights the possibility of standards-based teaching and 
emphasizes the importance of hands-on experiences during training. Moreover, AR/VR 
were mentioned as new trend to be considered in this educational field of AM. Lastly, 
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the research dealt, among other things, with which technologies, materials, applications 
and trends which could be specifically relevant for the NRW region in the future. 
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Abstract. One of the problems in an environmental policy is carbon leakage, 
which is increasing GreenHouse Gas (GHG) emissions as an adverse effect due to 
the production shift from countries with strict climate change policies to those with 
careless ones. In this situation, Carbon Boarder Adjustment (CBA) is considered as 
a countermeasure for mitigating GHG emission and carbon leakage globally, with 
European Union (EU) agreeing to introduce the CBA in 2026. CBA is expected 
to have huge impact upon a global supply chain network. The reasons of it are 
that total cost and GHG emissions on a global supply chain network have been 
influenced by the different procurement cost, customs duty and GHG level from 
each country by the price level, the governmental policy, and the energy mix. 
However, it is not revealed how much effect CBA has for the cost, and GHG 
emission on a global supply chain network. Thus, this study models a global 
supply chain network with CBA as the intersection of environment and economy. 
First, a global supply chain network with CBA is modeled and formulated for 
minimizing the total cost using integer programming. Second, a problem example 
is prepared with bill of materials for the procurement cost and the GHG emission 
using life cycle assessment. After that, under the market in the U.S., a numerical 
experiment is conducted to validate the proposed model. Finally, the effect of CBA 
is discussed. 


Keywords: Carbon Border Adjustment Mechanism - Carbon Leakage - Trans 
Pacific Partnership - Integer Programming - Life Cycle Assessment 


1 Introduction 


Recently, Carbon Boarder Adjustment (CBA) has been agreed upon to be introduced by 
European Union (EU) council as an economical and environmental scheme for avoiding 
carbon leakage [1]. Carbon leakage is the adverse effect of environmental policies, due to 
the production shifts form a country with strong policy to the other country with careless 
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policy [2]. CBA is one of the countermeasure policies for carbon leakage. Under the 
CBA, an additional cost as importing tax is imposed based on the difference of climate 
policy [3]. 

This CBA has large impact on a global supply chain network [4]. This is because 
total cost and GreenHouse Gas (GHG) emissions on a global supply chain network have 
been influenced by the different procurement cost, customs duty and GHG level from 
each country by the price level and the energy mix [5]. 

Regarding the literature on CBA and a supply chain, Lim et al. [4] studied EU’s CBA 
in terms of an economic scheme. Resultantly, they concluded that the CBA mechanism 
was not in line with international trade rules. In addition, it was too costly for the 
global economy while the goal of preventing climate change was agreeable. According 
to Martin et al. [6], industrial fields with carbon leakages did not apply to Emission 
Trade Systems (ETS), which were the regional cap-and-trade for GHG. Kondo et al. [7] 
analyzed the supplier selections considering GHG emission, and quantitatively showed 
whether there is a carbon leakage on global supply chain through numerical experiments. 
Nagao et al. [8] analyzed the impact of disruption for costs on a global supply chain 
network. However, the CBA based on GHG emission is not considered through modelling 
of the global supply chain network. 

This study models a global supply chain network with CBA as the intersection of 
environment and economy. It specifically aims to estimate the effect of CBA based on an 
analysis for a global supply chain network by numerical experiments. The contribution 
of this paper is a new quantitative evaluation for CBA on the industrial field. 

In this study, the Research Questions (RQs) are developed as follows. 


RQ1: What is the effect of the cost and the GHG emission on a global supply chain by 
CBA? 
RQ2: What is the CBA rate required to prevent carbon leakage? 


2 Model and Formulation 


In this section, in order to analyze CBA on a global supply chain network, the model 
and the formulation for numerical experiments are described. Section 2.1 develops the 
global supply chain model with CBA based on the previous study [8]. In Sect. 2.2, the 
model is formulated for minimizing total cost and the formulation of CBA based on 
GHG emission is given. 


2.1 Model 


Figure | shows CBA cost by material-based GHG emission in the proposed model of 
this study. When the GHG emission of goods manufactured in non-CBA countries is 
higher than one domestically produced in the country with CBA, it is assumed that the 
CBA is imposed. The CBA cost is calculated by multiplying the excess amount of GHG 
emission for importing products by a given CBA rate. To estimate quantitatively the 
CBA cost, material-based GHG emissions using Life Cycle Inventory (LCI) database 
[5] is used by Life Cycle Assessment (LCA) [9]. 
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The global supply chain model is developed based on Nagao et al. [8] with a global 
supply chain model with customs duty and Trans Pacific Partnership (TPP), which is a 
comprehensive Free Trade Agreement (FTA). In the model, the product consists of Nj 
type parts. Part j is procured from supplier o to factory p, where the product is assembled 
at factory p. Then, assembled products are transported to market g. Meanwhile, the 
customs duties Cor are imposed when importing goods. 

Set of suppliers in countries forming the TPP is defined as group G, which is a set 
of supplier cities. Among TPP member countries, the customs duty Co is not imposed. 
In other cases, importers need to pay customs duty when importing goods. Then, the 
developed element of the proposed model is CBA scheme. It can be applied when 
importing parts or products across the border of a country, similar to customs duties. 

It is noted that this proposed model is assumed for the strategic planning stage of 
CBA scheme, where a just-in-time environment is applied similar to Nagao et al. [8], 
which represents fewer inventory operations [10]. Thus, inventory control with lead time 
is out of scope in this study. 


Country b Country b* with CBA 


Suppliers | Suppliers \ 


CBA cost based on 
material GHG emission 
R 

Che x 
CBA rate 
in country b * 


Fig. 1. CBA cost by material-based GHG emission in the proposed model of this study. 


The notations used in this study are as follows: 


Sets: 

O: Set of suppliers, o € O. 

G: Set of suppliers in countries forming the TPP, g € G, G C O. 
B: Set of country, b € B. 

J: Set of parts, j € J. 

P: Set of factories, p € P. 

Q: Set of markets, q € Q. 
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Decision variables: 
Vopj: Number of parts j transported from supplier o to factory p. 
Vpq: Number of products transported from factory p to market q. 
kp: Number of products manufactured at factory p. 
2pq: 1 if the route between factory p and market q is opened, and 0 otherwise. 
up: 1 if factory p is opened, and 0 otherwise. 


Evaluation: 
TC: Total cost [USD]. 
TG: Total GHG emission [t-CO2eq]. 


Cost parameters: 

cre, C o : Logistics cost per unit part and product for transportation. 

cor: Procurement cost of procuring per unit part j by supplier o. 

ae Cl. Customs duty per unit part and product on transportation. 

or Manufacturing cost per product at factory p. 

CRT 
Pq? 

p. 


Cr Fixed cost for opening route from factory p to market q, and opening factory 


Production parameters: 

Nj: Total number of parts j, consisting of one product. 
Nq: Demand for products in market q. 

M: : Very large number (Big M). 

Fp: Production capacity at factory p. 

Soj: 1 if part j is supplied by supplier o, and 0 otherwise. 


GHG parameters: 

Ce CBA cost per ton of GHG emission at country b¥[USD/t-CO2eq]. 

E”: Non-negative value: The amount of GHG emission produced at factory p which is 
higher than one in country b* with CBA, and 0 otherwise. 

H” : Unit GHG emission per one product produced in country b* with CBA. 

Xp: The amount of GHG emission produced at factory p. 


2.2 Formulation 


The objective functions are formulated to minimize total cost TC based on Nagao et al. 
[8]. TC is comprised from total manufacturing cost TMC, total transportation cost TTC, 
total customs duty cost TCDC, and total CBA cost TCBA as shown in Eq. (1). 
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Objective function: 
TC = TMC + TTC + TCDC + TCBA — min (1) 


Consisting items of TC are set as follows. 


TMC = XY C vot Y Y vgt Y Kept) Eu D 


o€0 peP jeJ pEP qEQ pEP qEQ peP 
LC LC 
TIC = PDD Cop Yoni + 2 2 Ca Yoa 6) 
o€O peP jeJ pEP qeQ 
PC ATS MF TS 
TCDC = 2 = 2 Coj Cop Yopi + > 2 Cp pg Ypa (4) 
o€0 peP jeJ pEP qEQ 
b* AR 
TCBA = X E? CÈ (5) 
peP 
pe [o Xp —kpH”™ <0 © 
p 7 b* b* 
Xp — kpH , Xp — kH >0 


Xp = 5 2 x Vopj Hoj (7) 


pEP 0€O jes 


TMC in Eq. (2) is the sum of the procurement cost of parts, manufacturing cost of 
products, route opening cost, and factory opening cost. TTC in Eq. (3) is the sum of 
transportation cost of parts from suppliers to factories and products from factories to 
markets. TCDC in Eq. (4) is the sum of the customs duty cost of parts and products. TCBA 
in Eq. (5) is calculated by the rate of CBA in the applied country timed the difference 
between total GHG emission at factory p and the expected emission produced only in a 
CBA country. 

Equation (6) calculates EP as the difference of GHG emission at factory p by the 
expected emission of domestic local supply chain in the country b* applied CBA. This 
Equation means the CBA cost is imposed by using the difference of GHG emission 
when material-based GHG emission of products produced at factory p is higher than 
one produced only in the CBA country b*. In Eq. (7), the sum of material-based GHG 
emission at factory p is calculated by multiplying the number of transportation parts and 
the parts GHG emission in supplier o. 

The other constraints are set similar to Nagao et al. [8] for the number of products, 
parts, transportation volume, demand, opening route/factory, and production capacity at 
factories, and decision variables for binary and non-negative. 
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3 Problem Example 


For conducting numerical experiments, problem examples about product, supply chain, 
cost and GHG emission of parts, and CBA assumption are given in this section. 


To analyze the effect of CBA for a global supply chain network, problem examples 


are prepared based on Nagao et al. [8] as follows: 


Supply chain network example 

13 suppliers are located across countries such as the U.S., China, Malaysia, and 
Japan. As acandidate location of a factory, four cities are set at Seattle, Shanghai, Kuala 
Lumpur, and Tokyo, where the products are manufactured using transported parts from 
suppliers. The manufacturing cost for the product is different from countries. 3,000 
manufacturing products units applies as the production capacity for each factory. 
Seattle in the U.S. is set as a market location, and the demand is 6,000 units. 
Customs duty and TPP example 

The customs duty rate for importing parts and products between the U.S. and 
China is 25%, and that between a TPP country and a non-TPP one is 10%. Between 
TPP countries, i.e., Malaysia and Japan, customs duty is 0%. 
GHG and cost example 

The material-based GHG emission and the procurement cost are vary with parts 
and countries. Average GHG emissions and average procurement costs of parts in 
each country are shown in Table | [11]. Moreover, so as to illustrate an application 
of the proposed model to a supply chain design example, the product example and 
assumptions are same as Urata et al. [12]. In their study, it is assumed that #19 motor 
is always supplied from Japan. This is because the GHG emission including CO2 
emissions of the motor (#19) is so high that it is about 95% of the total emissions. 


Table 1. Average GHG emissions and procurement costs of parts in each country [11] 


Average Parts GHG emission [g-CO2eq] | Average Parts Procurement cost [USD] 
The U.S | 117 0.095 
Malaysia | 249 0.078 
China 633 0.086 
Japan 103 0.143 
e CBA example 


It is assumed that the U.S. is applied with CBA in this study. It is imposed when 
material-based GHG emission for produced products is higher than ones manufactured 
domestically in the U.S only. The cost is calculated by multiplying the rate Coos 
by the excess amount of GHG emission ET™U-S-, Three CBA rate are respectively 
examined as 1, 10, and 100 [USD/t-CO2eq] in the experiments. 
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4 Result 


In this section, the results of numerical experiments by using the formulation and the 
problem examples in Sects. 2 and 3 are shown and discussed in terms of the CBA rate, 
the costs, and the GHG emission related to carbon leakages. 

Figure 2 shows the results of total cost TC and total GHG emission TG with a global 
supply chain as the baseline without CBA, the baseline with CBA by 100 [USD/t- 
CO2eq], and after redesign. It is noted that the CBA was not applied in the only case of 
baseline without CBA. From Fig. 2, the total cost TC was increased by 11% in the case 
with CBA before redesign, but increased only 5% from the baseline without CBA in the 
case with CBA after redesign. 

After redesigned comparison to the baseline without CBA, the total transportation 
cost TTC was decreased by 74%, and total procurement cost TPC was increased by 
18%. While the total CBA cost TCBA accounts for 10% of the total cost TC, that after 
redesign was only 2% of the total cost. Therefore, it is verified that this model can propose 
a supply chain reconfiguration to suppress the increment of total cost under CBA. On 
the other hand, the total GHG emission was decreased by 58% in the case after redesign 
with CBA. Thus, it is found that CBA rate of 100 [USD/t-CO2eq] has influence on the 
total cost and total GHG emission on the global supply chain network. Furthermore, 
it is noted that carbon leakages were not observed in this case. In the other numerical 
experiments, the results for the GHG emission and costs without CBA are not changed 
with the CBA rate of 1 and 10 [USD/t-CO2eq]. 

Therefore, it is found that CBA by material-based GHG emission has prevented 
carbon leakages when the CBA is applied to a low GHG country, the U.S. in this study. 
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Fig. 2. The results of total cost TC and total GHG emission TG with a global supply chain as the 
baseline without CBA, the baseline with CBA by 100 [USD/t-CO2eq], and after redesign 


5 Conclusion 


This study modeled a global supply chain network with CBA as the intersection of 
environment and economy. It specifically aimed to estimate the effect of CBA based 
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on an analysis for a global supply chain network by the numerical experiments. The 
contribution of this study was to model a global supply chain network for analyzing 
the CBA effect quantitatively using LCA. Answers of RQs developed in Sect. 1 are as 
follows: 


e Answer of RQ1: What is the effect of the cost and the GHG emission on a global 
supply chain by CBA? 

The cost breakdown was changed mainly for the decrease of transportation cost 
and the increase of total procurement cost when the applied CBA rate was 100 [USD/t- 
CO2eq]. Therefore, the total GHG emission was largely decreased. 

e Answer of RQ2: What is the CBA rate required to prevent carbon leakage? 


The rate of 1 to 100 [USD/t-CO2eq] did not bring carbon leakages. In terms of reduc- 
ing GHG emission, the rate of 100 [USD/t-CO2eq] was appropriate. Moreover, it was 
found that application of CBA to low GHG level country was effective for preventing the 
carbon leakage in terms of material-based GHG emission and costs in the experiments. 

In this study, CBA was treated as an environmental tax. Nevertheless, industrial 
production has been influenced by multiple environmental policies. Therefore, further 
study should consider the combination of the multi-environmental policy such as CBA 
and carbon tax. 
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Abstract. Integrating Industry 4.0 technologies into the circular economy has 
received much attention in the literature in recent years. Considering the ladder 
of lansink and circular economy technical cycle, reusing and remanufacturing 
are preferable to recycling. Disassembly is a crucial process in remanufacturing. 
Collaborative robots provide semi-autonomous disassembly and could enhance 
product remanufacturing considering the uncertainties, cost reduction, and circu- 
larity of materials. This paper aims to discuss the application of lean practices in 
a disassembly cell with operators-robots collaboration. A conceptual framework 
based on the house of lean is proposed to highlight the research perspectives on 
opportunities of lean philosophy in disassembly operation enabled with industry 
4.0 technology. 


Keywords: Collaborative robots - lean management - disassembly - circular 
economy - industry 4.0 


1 Introduction 


In sustainable manufacturing, disassembly operation plays a crucial role in remanufactur- 
ing and has considerable economic and environmental benefits in materials circularity. 
Collaborative robots are promising in disassembly operation considering the costs of 
manual operations, reducing the ergonomic risks for operators, and high investment in 
automated disassembly. Disassembly planning includes the optimization of the disas- 
sembly sequences for minimizing the disassembly time, consumed energy, and related 
costs. Lean management has several potentials in sustainability and efficiency of dis- 
assembly operation with Cobot. This paper aims to integrate the elements of the Lean 
management model including wastes reduction, problem-solving, visual management, 
standardization, operational stability, and quality into a disassembly cell with Cobot. To 
the best of our knowledge, developing a joint application of lean principles in human- 
robot collaboration disassembly has not received much attention in the literature. There 
are two main streams of research in the context of cobot disassembling. The first focused 
on the safety aspects, designing safety zones, minimization of the collision and the sec- 
ond stream is studying the tasks arrangement and operational mechanisms including 
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sequence planning and performance management. The new stream of research should 
focus on collaboration rather than coexistence and cooperation. The idea is to handle 
the complexity and uncertainties of disassembly tasks via effective interaction among 
different optimization models, digital twin models, AI-based decision-making modules, 
and the disassembly cell. In this paper, a conceptual framework is proposed to address 
the implications of lean practices in cobot disassembly cells based on the house of lean. 
The rest of the paper is organized as follows: Sect. 2 provides the literature review on 
collaborative robots in disassembly and lean practices in remanufacturing and disas- 
sembly. Section 3 explains the conceptual framework and finally, Sect. 4 includes the 
conclusion and perspective of future research. 


2 Literature Review 


2.1 Collaborative Robots in Disassembly 


Today, the autonomous remanufacturing laboratory plays an essential role in an Indus- 
try 4.0-driven circular economy. Teixeira et al. (2022) performed a literature review 
on the opportunities for applications of industry 4.0 technologies in remanufacturing. 
The authors discussed the role of AR/VR, cobots, RFID, and IoT in (1) Guide used 
product disassembly; (2) Reduce variability in disassembly lead time; (3) Better esti- 
mation of product lifetime; (4) Customized diagnosis at the item level; (5) Additional 
support for the product recovery plan. They explained that AR and VR technologies 
could provide virtual instruction for end-of-life product evaluation [1]. Cobots provide 
semi-autonomous disassembly and can enhance the product remanufacturing perfor- 
mance considering the uncertainties and costs reduction. Huang et al. (2019) discussed 
the essential role of cobots in disassembly of repetitive, heavy and dangerous tasks for 
operators [2]. The precision and repeatability of the robots can combine with the skills 
of the operators for safe and efficient operation. Felder et al. (2019) discussed the role 
of cobot disassembly in critical material recovery. They explained that for the recovery 
of critical materials, applying cobots can lead to cost-efficiency and create flexibility in 
working cells. They developed a virtual collaborative robot cell for modeling cobots’ 
movement for removing screws in the disassembly operations [3]. According to Tolio 
et al. (2017), there are several challenges for demanufacturing and remanufacturing sys- 
tems including variant applications of the recovered parts, poor information in return 
products, increasing the complexity of products, and the uncertainties in the quality of the 
recovered parts, and more pressures for cost efficiencies [4]. Pham (2020) also discussed 
that the disassembly operations are stochastic in terms of the shapes and conditions of 
the used products [5]. The required flexibility manually and laboriously limits the aspect 
of automation and robotization in the disassembly context. However, there are great 
benefits of human-robot collaboration for better safety and efficient operation. Hjorth 
and Chrysostomou (2022) performed a literature review of studies in human-robot col- 
laborative disassembling from 2009 to 2020 [6]. They discussed that fully automated 
disassembly tasks are mainly focused on consumers electronics considering the limited 
capacity of existing end-of-life sites for recycling and remanufacturing. However, disas- 
sembly of mechatronic and mechanical parts, considering the complexity of disassembly 
tasks, requires more flexible and customized operations. Hence, more studies focused 


Integrating Lean Management Principles into Human-Robot 341 


on cobots applications in this context. According to the authors, future research should 
focus on collaborative scenarios, more safe interaction among cobots and operators, and 
effective communications. Huang et al. (2020) discussed the case study of the disas- 
sembly of press-fitted components with cobots [7]. They concluded that cobots provide 
the opportunity for operators to work without the fence and decrease the installation 
costs, and there is no need to slow down the cobots or stop their work where operators 
are doing the tasks. Huang et al. (2021, 2019) also presented an experimental work cell 
for disassembly with cobots. They used two seven axes cobots with a payload of 14 kg 
for disassembling of an automotive turbocharger [2, 8]. They developed tasks allocation 
models for minimizing time and costs. However, the ergonomic factors could be inte- 
grated into the optimization of productivity as well as safety factors. The authors also 
mentioned the role of the digital twin in disassembly analysis, sequence planning, and 
simulation. Liu et al. (2019) developed a discrete bees algorithm for joint optimization of 
sequence planning and disassembly line balancing [17]. However, the authors assumed 
that the disassembly time of the parts is known. The uncertainties of disassembling 
operation could be integrated into these optimization models. Parsa and Saadat (2021) 
developed an optimization model with a genetic algorithm for the task allocation problem 
in cobot disassembly considering remanufacturing criteria [18]. The authors considered 
cleanability, repeatability, and economic conditions for selecting target tasks. Then they 
used the CAD model for mathematical representation of the target part and considered 
feasibility, constraints, and precedence in optimization tasks allocation between humans 
and robots. They used the case study of the fuel pump for showing the effectiveness 
of the proposed approach. Prioli and Rickli (2020) proposed an architecture and data 
model for automated disassembly [19]. The proposed UML comprises (1) part data 
including the geometry information, size, and weight, (2) cobot data includes trajectory, 
fasteners, and dimension, (3) line model includes the capacity, station, and output, (4) 
disassembly sequence optimizer as well as (5) disassembling characteristics. Several 
studies developed optimization models including discrete bees and genetic algorithms 
for disassembly sequence planning and task allocation. The uncertainties of disassem- 
bling operation could be integrated into these optimization models for future research. 
Considering the uncertainty of the part removal, the disassembly sequence optimization 
model will be a probabilistic planning model. The uncertainties should be addressed 
based on the product’s characteristics, operators, cobots’ operational parameters and the 
interaction between operator and robot. 

Hence, the following gaps have existed in the literature of disassembly with cobots: 


e Studying the tasks definition, task sharing, and tasks specific skills in addition to 
sequence planning 

e Focusing on collaborative operations rather than cooperation and co-existence with 
cobots 

e Developing the optimization approaches for productivity considering the safety and 
ergonomic factors under uncertainty. 
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2.2 Lean Management in Disassembly 


A few articles addressed the application of the lean approach to disassembly. Here a 
brief overview of how lean thinking could be integrated into disassembly processes 
is provided. Kanikula and Koch (2009) proposed nine scenarios for integrating lean 
manufacturing practices into remanufacturing [9]. These main scenarios include using 
supermarkets for repaired parts, disassembly items, and pull systems. Dayi et al. (2016) 
discussed the lean principles in the disassembly of aircraft disassembly [10]. They sug- 
gested using Value Stream Mapping (VSM) for identifying the wastes and reducing 
the disassembly time by optimization of displacement in aircraft zones, developing an 
optimum disassembly sequence and pull system for integrating customers’ demand in 
real-time. 

Kurilova-Palisaitiene et al. (2018) discussed the application of the lean approach 
including, Kanban, standardized processes, continuous flow, teamwork, and suppli- 
ers’ partnership in solving the remanufacturing challenges. They classified these chal- 
lenges into three categories: process, system, and industry [11]. Hasibul et al. (2018) 
discussed the lean approach in car dismantling. They used VSM for addressing the 
improving opportunities of the dismantling process with lean [12]. Among testing, dis- 
mantling, cleaning, and inspection, dismantling takes 89% of the total time. It should 
be noted that 30% of this time is non-value added and wasted. Optimizing the layout 
and redesigning the work cell could reduce this time by 50%. The authors explained 
that the task time of disassembly is a variable parameter based on the model of the 
target part, damage, and the skills level of the operators. Kaizen process is applied to 
reduce the dismantling time with the training of workers and improving the workspace 
design. Golinska (2014) discussed the advantages of the lean approach in remanufac- 
turing process [13]. The author concluded that the research in this area is at an early 
stage comparing the manufacturing process. She assessed the principles of Lean based 
on the challenges of remanufacturing process. For example, standardization is chal- 
lenging due to the stochastic nature of the tasks. Pawlik et al. (2021) also developed 
a conceptual framework for the application of lean practices in remanufacturing [14]. 
They considered disassembly of returned products, material matching limitation, uncer- 
tainty in recovered material, variability in processing time, and stochastic routing as 
the challenges of remanufacturing. For the lean practices, they focused on standardized 
work instructions, standardization, Kanban, cross-function workforce, 5S, production 
analysis board, visual management, cellular manufacturing, and Total Productive Man- 
agement (TPM). Most of the practices are applicable and can improve the high variable 
processing time of remanufacturing. Aicha et al. (2022) applied the 5S approach and 
Kaizen for optimizing the disassembly tasks of a gearbox [15]. Keivanpour (2022) dis- 
cussed the application of lean management in the circular economy and the context of 
industry 4.0 [16]. A probabilistic simulation model is proposed to assess the interaction 
of lean, industry 4.0, and circular economy. Figure 1 summarizes the opportunities of 
lean practices in operation and the challenges of disassembly operation based on the 
literature review. 
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3 Conceptual Framework 


The disassembly work cell includes a cobot, specific tools (for example grippers, screw- 
driver), machines for manual operation, an operator, a toolbox, parts collection boxes, 
target parts for disassembly, and a workbench. The disassembly cell design and work- 
flow for operators and cobots are important elements in the efficiency of the disassembly 
operation. The first step of applying the lean philosophy is identifying the problems and 
root cause analysis. 


Fig. 1. The opportunities of lean practices in the operation and the challenges of disassem- 
bly/remanufacturing 


Figure 2 shows the fishbone diagram of a disassembly cell with a collaborative robot. 
The root causes are identified in six categories of people, process, equipment, mea- 
surement, environment, and management parameters. After identifying the sources of 
non-efficient operations, a problem-solving approach and process improvement should 
be applied to optimize the whole process. The conceptual framework for integrating 
lean philosophy into disassembly cells with cobot is illustrated in Fig. 3. The founda- 
tion of house of lean includes the standardization of the operational process and visual 
management. This standardization for the disassembly tasks assigned to the cobot could 
reduce the variability of the operator’s tasks. A real-time decision dashboard can be 
designed for monitoring the process. The advanced simulation provides the mapping 
of the real-time interaction of robots and the operators to control the process and pro- 
vide guidance and adjustments. This visual interface includes a 3D model, simulation, 
and disassembly sequence planning. It provides optimization/prediction, and results will 
be updated based on physical disassembly process feedback. For all designed experi- 
ments, it is essential to use a simulation platform and offline programming for testing 
and evaluating the operation scenarios outside of the production environment. The two 
foundations of the house of lean include guaranteeing the quality of the disassembly 
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Fig. 2. A lean approach to collaborative robot disassembly cell 


process and continuous workflow. A robot control program could be adopted to con- 
sider automatic stops in the case of operational failures. Another strategy is reducing 
waste time for changing tools and designing the layout based on 5S principles (Sort, 
Set in Order, Shine, Standardize, Sustain) for improving the disassembly efficiency. A 
progress dynamic can be achieved by a problem-solving approach and by enhancing the 
motivation and spirits of the operators. Assigning heavy and repetitive work to cobots 
can reduce the safety and ergonomic risks and increase the operator’s productivity by 
focusing on more challenging manual tasks. 

VSM is also an effective approach to creating a lean disassembly cell and optimizing 
the operational tasks. The outcomes will be reducing the disassembly total time, reducing 
ergonomic risks, and improving the collaboration between cobots, machines ad operators 
for the continuous flows. Figure 4 shows a VSM for disassembly of an automotive water 
pump by a collaborative robot based on the information provided in [2]. 
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4 Conclusion 


Using collaborative robots in the remanufacturing and disassembly operation could 
enhance productivity, safety, and ergonomic conditions. This paper provided a brief 
literature review on the application of cobots in disassembly and the lean management 
approach in remanufacturing. A root cause analysis based on a fishbone diagram and a 
conceptual framework based on the house of lean for optimizing the operational tasks 
in disassembly cells is provided. As discussed, variability and uncertainty of the tasks 
are the main challenges of remanufacturing and disassembly. Integrating the uncertainty 
parameters in developing the optimization models for the sequence planning of the dis- 
assembly tasks is critical. Future research could focus on integrating the lean approach 
and optimization models for sequence planning of tasks under uncertainty. The other 
area for future research is using Ergonomic value stream mapping for optimizing the 
disassembly operation and improving the material circularity. 
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Abstract. A sustainable reconfigurable manufacturing system is one of the most 
important topics concerning sustainability. Basically, the reconfigurable manu- 
facturing systems have two streams. One is the machine-intensive and the other 
is the labour-intensive. The machine-intensive means a cell formation problem 
(CFP) or a reconfigurable manufacturing system (RMS). On the other hand, the 
labour-intensive means a cellular manufacturing (CM) or a Cell Production Sys- 
tem (CPS). Almost all manufacturing sites have these assembly lines separately, 
however, some advanced manufacturing sites have adopted both CM and CPS 
in order to absorb variability of demand and operators under the environment 
of limited multi-skilled operators. When the operators are replaced by industrial 
robots in the real world, they are called robotic cells and focused as an important 
component of the cyber-physical system in the large number of recent papers. 
Therefore, this paper tackles to indicate a multi-period mixed integer program- 
ming model to solve simultaneously 2-type cell systems considering multi-skilled 
operators and industrial robots on reconfigurable manufacturing cells sustainably. 
Firstly, the traditional model is redefined by new parameters. Secondly, the pro- 
posed model is solved by 2-phase optimization problems. Finally, the proposed 
model is compared with the traditional model by using numerical experiments. 


Keywords: Multi-Skilled Operators - Industrial Robots - Reconfigurable 
Manufacturing Cells 


1 Introduction 


A sustainable reconfigurable manufacturing system is one of the most important topics 
concerning sustainability. Basically, the reconfigurable manufacturing systems have two 
streams. One is the machine-intensive and the other is the labour-intensive. The machine- 
intensive means that the operator’s role is usually limited to loading and unloading the 
machines and machining times usually do not vary from one operator to the next. In 
other words, operator involvement is limited to the machine-intensive as most of the 
processing is done by automated machines. On the other hand, in the labour-intensive, 
the assignment of operators plays a major role for the performance of the cell and directly 
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affects the output of the cell. Consequently, the cell performance is not only affected by 
how the cells are loaded, but also by the performance of the operators [1]. 

Furthermore, focusing on the approaches in the labour-intensive, there are two 
streams of concepts. One deals with the large volume production of a narrow variety of 
products and the other with the low volume production of a wide variety of products. 
In case of the large volume production of a narrow variety of products, the well-known 
traditional paced line deals with assembly line balancing problems [2] or sequencing 
problems [3] considering cycle time, work elements, and a precedence diagram on pro- 
duction planning. On the other hand, the low volume production of a wide variety of 
products has been one of the most important production concepts in the recent change- 
able demand and therefore in the global competition. Most of the research fields deal with 
paced or un-paced cells in labour-intensive cells where production rate, learning levels 
and team-work are based on human skill levels and human resource planning. Recent 
papers are mostly based on mixed integer and integer programming models regarding 
various divided cells on CM [1, 4-8]. 

On the other hand, theoretical models regarding CPS are also proposed by some 
previous papers [9, 10]. The models deal with CPS where a worker does all operational 
and managerial tasks by her- or himself. Such a Japanese CPS has been called “Seru” in 
Japan and other Asian countries. Seru, a new production organization, has been adopted 
by many leading global companies, such as Samsung, Sony, Canon, Panasonic, LG, and 
Fujitsu. Seru, i.e., CPS overcame a lot of disadvantages inherent in Toyoya Production 
System (TPS) and brought amazing benefits to Seru users. For example: 1) Seru requires 
a much smaller workforce, 2) it can greatly reduce space requirements, and 3) it can 
reduce lead time, setup time, WIP inventories, finished-product inventories, and cost. 

However, in general, almost all manufacturing sites have separately the assembly 
lines where one or several operators carry out parts/all of the operations in a cell. On the 
other hand, some advanced manufacturing sites have adopted both of them in order to 
absorb variability of demand and operators. In particular, the reconfigurable production 
lines with both of CM and CPS are more effective to absorb unstable demand and have 
been adopted by some global companies. That is the reason why the combinations of 
CM and CPS can lead more robust production system to overcome some constraints, 
i.e., the limited number of operators or limited multi-skilled operators. When the oper- 
ators are replaced by robots in the real world, they are called robotic cells and focused 
as an important component of the cyber-physical system in the large number of recent 
papers [11-14]. Especially, both adaptive scheduling that enables near real-time cooper- 
ation among machines, workforce and the production manager and the optimization of 
the allocated operators-jobs correlation and the workforce cost as the model’s decision 
criteria should be considered [15, 16]. 

Therefore, the purpose of this paper is sustainably to propose a mathematical model 
to minimize the number of operators in the case of considering industrial robots on recon- 
figurable labour-intensive cells by solving not only CM but also CPS simultaneously. 
The new model is introduced in Sect. 2 and Sect. 3 presents some numerical experiments 
and results. The results of this paper are summarized in Sect. 4. 
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2 Modelling 


The problem involves the following indices, variables, parameters, and decision 
variables. 


Indices: | 
t index set of products (i=1,2,...,7) 


index set of cells (7 =1,2,...,m) 
k index set of configurations (k=1,2,..., tt) | 


index set of operations (0 =1,2,....,8) 


Variables: 


Pijk (the time required to produce product i in cell j with configuration k | 


Parameters: 
n the number of products 
m the total number of cells | 


l the number of alternative configurations for cell j 


$ the number of operations 


Ulio the upper limit for operator level for operation o of product i | 


the unit standard time (standard operation time) for operation o of product i 


Wik the total operators available in the cell j with configuration k 


RB may [the maximum number of robots | 


RB,» |the production efficiency of robots 


h the time available in a period 
m' the number of cells on CM | 
d the demand of product i 
big the manpower required for configuration k in cell j 

Decision variables: | 
R the production rate for product i with configuration k 
Miya |the operator level for operation o of product i with configuration k 
Gy the number of robots for operation o | 
Xiję |the product 7 assigned to cell j with configuration k 


Vir the alternative configuration k for cell j 


The object of this paper is to build the deterministic reconfigurable production mod- 
eling with both CM and CPS in the case of considering industrial robots. The first object 
is to determine optimal operator levels and loads in each cell. Next, products are assigned 
to cells and the operator level for each cell is also determined. The pj value on CM 
is obtained by dividing the demand of product i (d;) by the production rate for product 
i with configuration k (Rig) based on the previous model, and the pj; value on CPS is 
obtained by dividing the demand of product i (dj) by the production rate for product i 
with configuration k based on the proposed model. Finally, the p;jx values are obtained 
by the following Eq. (1). The m’ value is the number of cells on CM. The m value is the 
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total number of CM and CPS. 


£, j=1,2,...,m 
Pik =  ——“2 —, jam’ +1.,...,mVi,k (1) 
(z4 tio ) su 


(Phase 1) 

The objective is to determine the optimal allocation of operators and industrial robots 
to operations such that the output rate is maximized for a given operator level based on 
the previous model [1]. The output rate is determined based on the bottleneck operation. 
Alternative operator levels are generated for each product by using operation standard 
times. For each operator level, the number of operators needed to perform the operation 
is determined by using this model. 


The objective function maximizes the output rate as given in Eq. (2). Equation (3) 
and (4) guarantees that each operation is assigned enough operators and industrial robots 
to accomplish the maximum output rate. Equation (5) establishes the upper limit on the 
number of operators for each operation, whereas Eq. (6) gives the restriction on the total 
number of operators. 

Objective function: 


Z = Max(Rix) (2) 
Subject to: 
M;i RB * G 
( iko + up 2) Riz > 0 yi, k, ő (3) 
tio 
S 
XC Go < RBmax Yo (4) 
o=1 
Miko < Uio Vi, k, o (5) 
S 
Yo Miko < wi Vi, j,k (6) 
o=1 
Miko integer and positive Vi, k, o 
Go binary /integer and positive Vo 
Rix real and positive Vi, k 
(Phase 2) 


The objective function minimizes the total number of operators and the total time required 
to produce all products as given in Eq. (7). Each product must be assigned to a cell as 
shown in Eq. (8). Equation (9) guarantees that each cell will have at most one configura- 
tion (i.e., operator level). Equation (10) establishes the upper limit on available capacity 
in each cell. 
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Objective function: 


m aj n m j 


Zp = Min} X Y br * Ye + |X Y9 pir * Xr | (Ch * m) (7) 


j=l k=1 i=1 j=1 k=1 


Subject to: 


X $ Xin = 1 Vi (8) 


j=l k=l 


aj 
X Vie <1 Vi (9) 
k=1 
n 
X (pir * Xir) <h* Yr Vj, k (10) 


i=1 


Xijk real and positive Vi, j, k 


Yi € {0, 1} Vj, k 


3 Experiments 


In the experiments, the manufacturing process consists of 5 operations and 10 products. 
The standard times for operations 1, 2, 3, 4 and 5 are randomly generated from uniform 
distributions in the intervals of [0.04, 0.09], [0.28, 0.45], [0.37, 1.18], [0.47, 0.88] and 
[0.18, 0.45], respectively. 10 alternative operator levels are considered, namely [10...19] 
on CM and [1...10] on CPS, respectively. Unit transfer size is assumed and the output 
rate is determined based on the bottleneck operation [1]. 

The optimal production rate for product i with configuration k on CM is calculated as 
shown in Phase 1. Furthermore, the output rate (1/ $$] tio) for product i on CPS in the 
case of a one-worker rotating cell is constant regardless of operator skills. Consequently, 
the production rate ((1/ }>)_, tio)*bjk) for product i with configuration k on CPS is 
calculated as shown in Eq. (1). 

In the experiments, we use the demand of multi-period (:52 weeks, i.e., 1 year) for two 
scenarios. The mean period demand for product i is randomly generated from uniform 
distribution in the interval of [2200, 7500]. Then, the period demand is summarized for 
each period. The variation in period demand is (2% —20%) of the mean and in multiples 
of 50 units [1]. The value of h is set to the constant (2,400) during the experiment. The 
maximum number of robots is 5 and the production efficiency of robots is 0.1, 0.2, or 
0.3. To find out the combinations of CM and CPS that can lead more robust production 
system, 5 combinations are considered. 
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(Scenario 1/Go is binary) 

The production rate considering whether one robot or not for each operation within the 
maximum number of robots is calculated when Go is binary. As a result, the number of 
operators is decreasing when the production efficiency of robots is increasing except for 
CPS4. However, the cost performance is worse in the case of more than 4 robots. The 
combinations of CM4, CM3CPS1, CM2CPS2 lead the same results by selecting CM2 
basically to minimize the total number of operators. That is the reason why the lines for 
them coincide (Fig. 1). 


(Scenario 2/Go is integer and positive) 

The production rate considering multi robots, one robot, or not for each operation within 
the maximum number of robots is calculated when Go is integer and positive. As a 
result, the number of operators is decreasing when the production efficiency of robots 
is increasing except for CPS4. Additionally, the cost performance is also not worse in 
the case of more than 4 robots. The combinations of CM4, CM3CPS1, CM2CPS2 lead 
the same results by selecting CM2 basically to minimize the total number of operators. 
That is the reason why the lines for them coincide (Fig. 2). 


saoyesodo Jo Jaquinu FeV oy 


The production efficiency: 0.3 
lrb 2rb 3rb 4b Srb 


32.5 | The production efficiency: 0.1 f| The production efficiency: 0.2 
Irb 2rb 3rb 4b Srb lrb 2rb 3rb 4rb Srb 


—-CM4 — CM3CPSI -*-CM2CPS2 ~* CMICPS3 -=-CPS4 


Fig. 1. The results of experiments (Go : binary) 
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Fig. 2. The results of experiments (Go : integer and positive) 


4 Conclusion 


The traditional model to minimize the total number of operators in labour-intensive cells 
has some shortcomings. To overcome them, a multi-period mixed integer programming 
model with 2-type cell production systems in the case of considering industrial robots was 
proposed in this paper. Firstly, the traditional model was redefined by new production 
rates. Secondly, the proposed model was solved by 2-phase optimization problems. 
Furthermore, the proposed model was compared with two scenarios by using numerical 
experiments. As a result, this paper showed better cases in which the proposed model 
could lead to fewer operators in the case of considering industrial robots. However, they 
are considered only in toy problems. 

In future, we would like to solve the large-scale problems and propose a multi- 
period mixed integer programming model without phases on reconfigurable production 
systems. In addition, we would like to discuss the cost of reconfiguration (e.g. one-time 
costs, regular costs per change) as further optimization criteria. 
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Abstract. This paper aimed to implement the 5S concept at Madani Bakery by 
using PDCA (Plan, Do, Check, and Action) to reduce waste. The problems found 
in the bread industry have not implemented 5S so that there is waste during produc- 
tion activities. The method that can be used to overcome these problems is to apply 
5S and PDCA so that they can make continuous improvements. The initial data 
used is the result of observing the initial conditions before implementing 5S and 
then determining Plan, Do, Check, and Action (PDCA). Based on observations 
at Madani bakery, two types of waste were found, namely unnecessary motion 
and transportation. Madani Bakery has not yet fully implemented 5S, there is still 
dust, items are in random condition, and there are still unused items at the work 
station. 5S deployments are designed to improve workstations and reduce unnec- 
essary waste movement and transportation. The limitation of this research is that 
the application of 5S is carried out according to the conditions of the production 
area at Madani Bakery. This research can be useful for Madani Bakery to cre- 
ate a comfortable work environment and reduce working time caused by waste 
during production activities. This research is expected to help Madani Bakery to 
implement 5S so that it becomes a work culture to reduce waste. Repairs to work 
stations at Madani Bakery can be used in other industries in implementing 5S and 
creating a work culture. Working time was cut to 784.34 min, and waste was cut 
to 11.773 min. 


Keywords: 5S . Waste - PDCA 


1 Introduction 


The economic success of a country can be seen from its level of economic growth 
which is indicated by the value of the Gross Regional Domestic Product (GDP). The 
processing industry in various fields in Agam Regency, West Sumatra based on data from 
the Central Statistics Agency (BPS) is in the eleventh position. One of the production 
areas of the food industry is bread. Bread consumption in Agam Regency, West Sumatra 
has increased based on data from the Indonesian Central Statistics Agency (BPS). The 
challenge faced by Madani Bakery is the growing development of the white and sweet 
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bread industry in Agam, West Sumatra. There are similar businesses that produce bread 
with various flavors. 

5S is a method used to make improvements with the aim of increasing system perfor- 
mance, increasing productivity, reducing the time required to add value, and improving 
products quality [2]. The benefits of implementing 5S are reducing the activity of look- 
ing for goods, reducing waste, reducing the possibility of work accidents, reducing costs 
downtime, and better space utilization. The implementation of 5S can be carried out by 
all employees regardless of their education so that they can be an organized workplace, 
create a clean work environment, increase safety, and be able to perform continuous 
improvement of work stations [1]. The PDCA or Deming Cycle method is a method 
used to make continuous improvement with future orientation, flexibility, and logic. 
There are four phases used in this method, namely planning, implementation, testing, 
and implementation. The PDCA cycle is carried out for corrective, temporary, and per- 
manent repairs to eliminate the root cause and fix the problem [4]. A plan is a strategic 
plan for achieving the targeted results, do is carry out a plan or target, check is an inspec- 
tion condition before and after repair, and action is taken to standardize or fix problems 


[6]. 


2 Method 


The 5S method according to Houa for creating a comfortable work environment, set 
standards, and make continuous improvements so that through the 5S methodology, 
management can create an environment where quality work is comfortable, clean, and 
safe in the organization and can optimize productivity by continuously maintaining 
systems in the workplace consistently [3]. The methods used are PDCA (Plan, Do, 
Check, and Action) and 5S. The 5S method is used to make repairs to the work station 
at Madani Bakery. 

The 5S and PDCA methods were used. According to Houa, 5S is used to create acom- 
fortable work environment, set standards, and improve continuously. The 5S method- 
ology can be used to create a quality work environment that is comfortable, clean, and 
safe in the organization, as well as to continuously optimize productivity [3]. To identify 
goals, problems, and targets, the PDCA method is used. Madani Bakery has officially 
approved that their name will be published because Madani Bakery has improved its 
work culture and wants to serve as a model for other businesses. 


3 Results and Discussion 


Implementation at this stage, workstation documentation is carried out to identify 
problems that exist in Madani Bakery. Data collection of equipment used in bread 
production. 

Plan to design improvements to reduce waste. The tools used are fishbone diagrams 
to identify the causes of waste. Identifying problems and designing solutions to be 
implemented. Fishbone diagram for transportation waste (see Fig. 1. Fishbone diagram 
for transportation waste) and fishbone diagram for motion waste (see Fig. 2). 
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Fig. 1. Fishbone diagram for transportation waste 
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Fig. 2. Fishbone diagram for motion waste 


Do is done to carry out repairs to the work area at Madani Bakery. Improvements 
were made by implementing 5S consisting of Seiri, Seiton, Seiso, Seiketsu, and Shitsuke. 
The goods are sorted at the work station during the Seiri or concise stage. The sorting 
policy is designed to determine the frequency of use of each item. Items that are used 
frequently or on a daily, weekly, or hourly basis are located near work stations. The 
goods are divided into several categories at the Seiton stage to make storage easier to 
determine. Each work station is given a boundary line at the Seiton stage. The boundary 
line is used to determine whether or not the work station is tidy. If the goods are damaged, 
they will be repaired (see Fig. 3). Seiso stage was cleaning equipment in the form of a 
waste basket is provided. Garbage bags are being replaced with baskets because they 
are more convenient to use. Other cleaning tools are adequate, but there is currently no 
storage space. As a result, the tool is placed arbitrarily. The work area is disorganized as 
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a result of this condition. The provision of hangers’ aids in the organization of cleaning 
supplies. Hangers are strategically placed near the printing workstation. 


im 


warehouse 
Baking Station = 
Dough Table 


— 


Fig. 3. Layout and painting strategy at madani bakery 


The Seiketsu stage is carried out by making 5S reminder displays and work instruc- 
tions can be seen in Table |. Shitsuke was carried out by making a 5S audit checklist 
and socializing 5S. Shitsuke is done by introducing 5S to workers at Madani Bakery. 
The introduction of 5S was carried out by providing material related to the history of 5S, 
the meaning of 5S, and forms of application of 5S in the industry. Workers who are still 
unsure about the 5S explanation can ask questions. Audits can be carried out directly 
by business owners or workers who understand field conditions. Before the audit, the 
auditor will be explained the audit process and fill out the checklist. 

Workers are disciplined to implement 5S at the Shitsuke stage. Before attempting to 
build worker discipline, 5S is introduced to workers. The introduction of 5S is carried 
out by conducting training to ensure that all employees share the same perspective on 
the importance of 5S. A trainer is present to conduct the training. 

The process flow map after 5S implementation shows the operating and transportation 
times are 773.89 and 10.49 min, respectively. The total activity after the implementation 
of 5S is 784.38 min. Comparison with the previous production time shows a reduction in 
the production time of 4.57 min. The process flow map after 5S implementation shows 
the operating and transportation times are 773.89 and 10.49 min, respectively. The total 
activity after the implementation of 5S is 784.38 min. Comparison with the previous 
production time shows a reduction in the production time of 4.57 min. Standardization 
in production activities is shown in Table 2. 
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Table 1. Bread making work instruction. 


Bread Production Work Instructions at Madani Bakery 


Verified By : Staff Production 
Approved By : Leader 
I. Raw Material Preparation 


Tools and materials Work Order 


Tools: Scales, bowl, knife, and 1. Prepare the equipment used when 
dipper. taking materials. 
Ingredients: 15 kg of flour, 2.6 kg of 2. Take all the ingredients to make the 
sugar, 7 eggs, 600 grams of butter, dough. 
900 grams of margarine, 100 grams 3. Weigh all ingredients with a 
of vegetable emulsifier, 150 grams of predetermined composition. 
salt, and 180 grams of yeast. 4. The material is laid out on the table at 
the milling workstation. 
5. Prepare the tools to be used at the first 
workstation. 
II. Making Dough 


Equipment: Mixer machine, bowl, 1. Take and put the material into the 
and dipper.Ingredients: Wheat flour, milling machine. 


water, sugar, salt, margarine, 2. Turn on the engine for 3 minutes. 
vegetable emulsifier, and yeast. 3, Turn off the machine and put it in the 
basin. 


III. Flattening of Dough 


Equipment: Miling Machine and 1. Put the dough into the grinding 
Basin. Ingredients: Dough machine. 
2. Turn the grinding machine until it 
becomes flat. 
3. The flat dough is put into a basin. 


IV. Dough Printing 
Tools: Scales, roll dough steel 1. Divide the dough into several parts with 
scraper, baking sheet, ceramic mat, a steel scraper. 
and basin. 2. Flatten the dough with a roll using a 
Ingredients: Dough. ceramic base. 
3. Form the dough and put it in the pan. 
4. Arrange the baking sheet on the 
expansion area covered with plastic and 
let it rest for 4 hours. 
V. Baking Dough 
Tools: Bowl, brush, breadboard, and 1. Spread butter on the dough that has 
toaster. been formed. 
Ingredients: Dough, butter 2. Put the dough into the toaster. 


3. Bake the dough for 30 minutes. 


4. After the dough is cooked, transfer it to 
the breadboard. 


Person in 
Charge of 
Operator 1 


Operator 1 


Operator 1 


Operator 1- 
J 


Operator 1 


(continued) 
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Table 1. (continued) 


VI. Raw Material Preparation 


1. Cool the bread using a fan for 3 hours. aa 
Tools: breadboard, packaging plastic, 2. Transfer the bread to a rack to let it rest 
cardboard, bread rack, fan, and hand for 2 hours. 
sealer. 3. Remove the bread from the storage 
rack. 
Ingredients: Bread. 4. Pack the bread with plastic packaging 
and label the price with a hand sealer. 
5. Put the bread into the cardboard. 
Table 2. Standardization of production activities at madani bakery. 
No. | Factor Normal Standard Company Standard After 
Repair 
1 Operator Workers must be disciplined | Workers must be disciplined 


in attending and following 
the training that will be 
carried out at Madani Bakery 


in placing goods according to 
a predetermined place 


Workers must be disciplined 
in placing goods according to 
a predetermined place 


The head of the production 
can carry out surprise 
supervision on workstations 


2 Machinery or Equipment 


Material handling is available 


The head of the production 


in sufficient quantities collects material handling 


data 


3 Method Effective work station layout 


design 


Improvements to the 
workstation layout 


Provide direction to workers 
in the placement of goods and 
the implementation of 5S 


Determine the standard of 
storage of goods 


4 Conclusion and Recommendation 


This study concludes that 5S was implemented at Madani Bakery by sort goods and red 
tags for the Seiri stage. At the Seiton stage, storage containers, item name labels, and 
borders are carried out. Seiso is done by providing hygiene kits and hygiene schedules. 
The Seiketsu stage is performed with the creation of a 5S reminder display and work 
instructions. Shitsuke was done by making checklist audit 5S and socialization 5S. 
Madani Bakery requires discipline in carrying out 5S because this is something new for 
workers. There was a reduction in waste from a total waste time of 12.46 min to 11,773 
min. Waste reduction occurs because the goods at the workstation are neatly arranged so 
that it is easier to find and the existence of work instructions makes every worker have 
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the same workflow. The advice that can be given to Madani Bakery is monitoring the 
implementation of 5S regularly with 5S audits and repairs if discrepancies are found at 
work stations so that 5S can become a work culture of Madani Bakery. 
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Abstract. The dry machining strategy has recently received high attention in the 
field of metal cutting as it can eliminate the environmental impacts associated 
with the usage of cutting fluids. However, high-generated heat and severe tool 
wear are usually observed for the dry machining operations. One of the suggested 
techniques to improve the dry machining performance is to utilize the textured 
cutting tools, reducing the friction at the chip-tool interface. In this study, three 
different micro-textured tool designs were used during the machining AISI 1045 
at different cutting conditions. A life cycle assessment was performed including 
the power consumption for preparing the textured tool designs and the measured 
power during the machining experiments. Furthermore, some measured machin- 
ing outputs (flank wear, surface roughness, and the unit volume machining time) 
were further included to offer a comprehensive and effective sustainability assess- 
ment for the performance of the utilized textured tools. The performance of these 
textured tools was also compared with the non-textured tool under the same cutting 
conditions. The textured tool design with narrow micro-groove width showed bet- 
ter sustainable performance compared to the non-textured tool and other textured 
tool designs. 


Keywords: Textured cutting tools - Machining - Life Cycle Assessment - 
Sustainability - Performance Analysis - Optimization 


1 Introduction 


The manufacturing sector is targeted to satisfy sustainability requirements. This is due 
to the high energy consumption and high carbon dioxide emissions from this sector. As 
the machining processes are representing 5% of the Gross Domestic Product (GDP) in 
developed countries [1], there is a need to apply sustainability principles within all the 
machining processes. There is recently more demand to adopt the concept of dry machin- 
ing as it is one of the eco-friendly strategies. Besides, there are many research works 
focused on cutting tool surface texturing to overcome the drawbacks of dry machining. 
Based on the literature, it was found that the textured cutting tool has a big contribution 
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to enhance the dry machining performance. However, additional cutting of the bottom 
side of the chip has been found when using the textured tools. This micro-cutting of 
the bottom side of the chip by the micro-grooves edges is defined as “Derivative cutting 
phenomena” [2]. This cuts down the benefits of using textured tools. The dimensions 
of the micro-grooves play a crucial role in the performance of the textured cutting tool, 
especially on the derivative cutting phenomena. These dimensions are position, width, 
and the radius of the micro-grooves edge [3, 4]. A lot of research works have been 
performed to accurately assess the sustainable performance of the machining processes 
[5-9]. However, implementation of the sustainability assessments which considered the 
sustainability principles, as well as the machined surface integrity aspects, needs to 
be widely applied to machining using textured cutting tools. As different designs of 
textured tools have different machining performances, this is still a need to evaluate 
the environmental and human health impacts of machining using different designs of 
textured cutting tools. Besides, a holistic performance analysis of different designs of 
textured cutting tools and non-textured cutting tools based on performed experimental 
results is yet to be conducted. Accordingly, this study is focused on optimizing the sus- 
tainable performance of the machining using textured and non-textured tools in a way 
considers the existing sustainable machining elements, life cycle assessment impacts, 
and the quality of the machined product. Furthermore, the obtained optimized cutting 
conditions were then processed through non-dominated sorting to obtain the superiority 
of the studied strategy. 


2 Experimentation 


The machining experiments studied the effect of the significant textured dimension 
parameter (micro-groove width) with different machining parameters (i.e., cutting speed 
and feed). Table 1 shows the cutting speeds (Vc) and feed (f) used in these experiments 
with non-textured and three textured tool designs. The used textured tool designs include 
different values of the micro-groove width (1), one of the most significant micro-groove 
geometrical parameters [2, 10], to investigate their effects on the machining outputs 
(i.e., power consumption (W), flank tool wear (VB), surface roughness (Ra), and unit 
volume machining time (T)). As shown in Fig. 1, the three texture designs have different 
groove widths, spacing between grooves, and number of grooves, while for all designs, 
the distance from the cutting edge to the first groove is 240 um, the spacing of the total 
grooves is 90 um, and the total width of all micro-grooves is 180 um. The uncoated 
mixed ceramic insert (TNGA332T0320 650) and tool holder (DTGNR 2525M 16) were 
used in the experimentation phase. YDFLP system was used to generate micro-grooves 
on the rake faces of the cutting inserts. These orthogonal cutting experiments were 
done on a 30-mm-diameter and 1-mm-thick AISI 1045 tube. The power consumption 
was measured tool using a power logger (PS2500). KEYENCE VHX-1000 was used 
to measure flank tool wear. Surface roughness was measured with a Mitutoyo SJ.201. 
Table | shows that design 3 of the textured cutting tool had lower power consumption, 
flank tool wear, and surface roughness than the non-textured tool under different cutting 
conditions. While designs 1 and 2 showed higher values of the measured machining 
outputs compared to the non-textured cutting tool. This indicates the better performance 


366 A. Salem et al. 


of design 3 compared to non-textured cutting tools and other textured cutting tool designs. 
Besides, it can be stated that using a textured cutting insert with a narrow micro-groove 
can eliminate the negative effects of the derivative cutting phenomena and show up the 
advantages of using textured cutting tools. 


3 Performance analysis 


This section presents a holistic performance analysis of machining with textured and 
non-textured tools. Experimental machining results and textured cutting tool preparation 
processes were included. This analysis evaluates the performance of machining with tex- 
tured and non-textured cutting tools through life cycle impacts, sustainable machining 
principles, and surface integrity aspects (e.g., Ra), obtaining the optimized cutting condi- 
tions and textures parameters using multi-objective optimization technique. It also offers 
superiority ranges of the machining with textured and non-textured cutting tools. This 
analysis includes three consecutive steps identifying the machining system boundary and 
conducting LCA, selecting the performance analysis metrics, and the decision-making 
step. 


Non-textured 
cutting Insert 
R iti 
jake face of the 
Surface Outing 
texturing edge 
Scanning 
direction 
Center lines of 4 
2 grooves 


2D microscopical 
mages of textured 
inserts 


Fig. 1. A schematic showing the preparation process of the three different cutting tool d signs 


3.1 System Boundary and the Life Cycle Assessment (LCA) 


Manufacturing and use life cycle stages are system boundaries for studied machining 
strategies. It includes the power needed for laser texturing cutting tools and all machining 
experiments. Preparing textured cutting tools consumes much less power than machining 
(i.e., use stage). After that, the power consumption of both life stages was included in 
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conducting the life cycle assessment (Canada electricity mix average Wh was used in 
the conducted LCA). To obtain the life cycle impact categories, the hybrid assessment 
model IMPACT 2002+ [10] is selected to determine these impact categories impacts 
of machining with textured and non-textured cutting tools. The human health category 
and eco-system quality category were concerned in the current study. SimaPro 9.2 (with 
European Life Cycle Datebase_v3.1) software package was used to conduct IMPACT 
2002+ methodology for machining with textured and non-textured cutting tools. Figure 2 
shows the endpoint impact contributions of human health and ecosystem quality for the 
16 conducted machining tests, measured in (DALY) and (PDF.m2.yr), respectively. It is 
found that higher human health and ecosystem quality burdens are associated with the 
non-textured cutting tool and textured tool design 1 (see tests 1, 6, 9, and 14 in Fig. 2). 
This is because of the higher power consumption associated with these mentioned tests 
and the derivative cutting accompanying textured design 1 in tests 6 and 14 (at higher 
feed level). On the other hand, the lower power consumption associated with design 2 
and design 3 resulted in lower human health and ecosystem quality (see tests 3, 4, 8, 11, 
12, 16 in Fig. 2). 


Table 1. The experimentation plan of the machining tests 


Test |Vc (m/min) |f(mm/rev) |1 W (Watt) | VB T Ra 
# (um) (mm) (sec/mm3) | (um) 
1 75 0.05 O(NTT) | 2164 0.051 | 0.016 1.55 
2 75 0.05 90 (D1) 2100 0.049 |0.016 1.50 
3 75 0.05 60 (D2) 2062 0.048 |0.016 1.27 
4 75 0.05 45 (D3) 2044 0.048 |0.016 1.15 
5 75 0.1 O(NTT) |2527 0.060 | 0.008 2.16 
6 75 0.1 90 (D1) 2880 0.068 | 0.008 2.44 
7 75 0.1 60 (D2) 2754 0.064 | 0.008 2.36 
8 75 0.1 45 (D3) 2381 0.058 | 0.008 2.12 
9 150 0.05 O(NTT) | 3195 0.083 | 0.008 0.52 
10 150 0.05 90 (D1) 3121 0.081 | 0.008 0.50 
11 150 0.05 60 (D2) 3109 0.080 | 0.008 0.49 
12 150 0.05 45 (D3) 3006 0.080 | 0.008 0.49 
13 150 0.1 O(NTT) | 3670 0.092 | 0.004 1.35 
14 150 0.1 90 (D1) | 4114 0.100 | 0.004 1.46 
15 150 0.1 60 (D2) 3511 0.090 | 0.004 1.25 
16 150 0.1 45 (D3) 3304 0.088 | 0.004 1.14 


NTT: Non-textured cutting tool, D1: textured Design 1, D2: textured Design 2, D3: textured Design 
3 
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3.2 Performance Analysis Metrics 


The machining performance with textured and non-textured cutting tools was assessed 
through different performance analysis metrics. The machining outcomes were power 
consumption, flank tool wear, and average surface roughness. These machining out- 
comes were included in the performance metrics of resources and power consumption, 
machining cost, and machined product quality, respectively. Furthermore, the conducted 
LCA endpoint indicators were also included in the performance analysis model. The end- 
points of the ecosystem and human health were selected to present two metrics which 
are environmental impact and personal health and safety. 


3.3 Decision Making Stage 


The non-dominated optimal cutting conditions for the machining with textured and 
non-textured cutting tools were generated from the implementation of the sustainability 
proposed approach presented [5]. The implementation of the performance analysis of 
both machining strategies was performed under the following steps and assumptions: 


Target machining strategies: machining using textured and non-textured cutting 
tools. 


Cutting condition: {Vc, f, 1}. 


86-09 [EE Ecosystem Quality J Human Health | 


Human Health (DALY) 
Ecosystem Quality (PDF.m2.yr) 


12325 5 & 2 BM 1 12) 4 5 16 
Test # 


Fig. 2. Endpoint impact contributions of the experimental tests 


Sustainable performance indicators: the obtained endpoint LCA impacts and exper- 
imental data cover the resources and energy consumption, machining cost (tool wear 
and unit volume machining time), environmental impact (eco-system quality), personal 
health and safety (human health), surface integrity (surface roughness) metrics. The 
highest values of LCA results and the highest values of the experimental responses are 
considered reference values of the sustainable indicators. 

Modeling and normalization: This step is focused on obtaining a model between 
the selected indicators and the cutting conditions and the textured parameter. Thus, the 
symbolic regression algorithm Genetic Programming (GP) is selected to produce these 
models. The goodness of fit of more than 0.97 was obtained for all developed models 
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in this. The reference values are used to provide the normalized performance indicator 
models. 

Multi-objective optimization: The optimal cutting conditions and the selected tex- 
tured parameter were determined using the Non-dominated Sorting Genetic Algorithm 
(NSGA-II). A population size of 800, and a crossover probability of 0.7 were used. 

Non-dominated sorting: The process of non-dominating sorting was applied to the 

Pareto-fronts of the studied strategies to determine the non-dominated cutting condi- 
tions and textured parameters. These obtained results are shown in Fig. 3, 4, and 5 
These figures showed that non-of the optimal solutions for machining with textured cut- 
ting tools have been dominated by any optimal solution for machining with non-textured 
cutting tools. 56.2% of the optimal solutions of machining strategy with non-textured 
cutting tools have been dominated by the optimal solutions of machining with textured 
cutting tools. It can be seen from Fig. 3, 4, and 5 that the non-dominated solutions of 
the machining with non-textured cutting tools show balanced performance over all the 
sustainability metrics. Non-dominated machining with textured cutting tools shows bal- 
anced sustainability metrics. While other non-dominated optimal solutions of machining 
with textured tools show better performance over studied sustainability metrics. 
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Fig. 3. Plots show the machining cost and resources and energy consumption versus the 
environmental impact of the non-dominated optimal solutions 


The conducted performance analysis showed the superiority ranges for machin- 
ing strategies of using textured and non-textured cutting tools. Non-dominated optimal 
machining with textured cutting tools outperforms in all sustainability metrics. Non- 
dominated cutting conditions with non-textured tools provided balanced sustainability 
analysis metrics. The obtained results introduce a group of non-dominated optimal cut- 
ting conditions of machining using textured and non-textured cutting tools. Furthermore 
some of the output non-dominated cutting conditions and texture parameters offer the 
outstanding performance of the studied sustainability metrics, and the others present 
balanced performances as shown in Fig. 3, 4, and 5. The decision-maker is provided 
with a reliable selection tool for both studied machining strategies as shown in Fig. 6 
It is observed from Fig. 6 that the micro-groove width (1) in all cutting conditions of 
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Fig. 4. Plots show the machining cost and resources and energy consumption versus personal 
health and safety of the non-dominated optimal solutions 


the optimal solutions when machining with textured cutting tools is 45 um. Figure 6 
shows four zones of achieving high superiority of target performance metrics for both 
machining strategies. The first zone (referred to by the blue arrows) of low cutting speed 
and feed values shows superiority in resources and power consumption metrics. The 
second zone (referred to by the orange arrows) of low feed and high cutting velocity 
values shows superiority in machined product quality metrics. The same zone for the 
strategy of machining with only textured cutting tools (gray arrow) shows superiority 
of environmental impact, and personal health and safety metrics. The third zone (purple 
arrows) of high feed and cutting velocity values shows superiority in machining cost 


metrics. The fourth zone for machining with textured cutting tools (pink arrow) shows 
high performance in power consumption, and machining cost metrics. 
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Fig. 5. Plots show machining cost and resources and energy consumption versus machined 
product quality of the non-dominated optimal solutions 
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Fig. 6. Cutting conditions of the obtained optimal solutions for both machining strategies 


4 Conclusions 


This study optimized the sustainable performance of machining using textured and non- 
textured tools by considering existing sustainable machining elements, life cycle assess- 
ment impacts, and product quality. Using the laser surface technique, three textured 
cutting tools with different micro-groove widths were made. Then, machining experi- 
ments were conducted to study the effect of the significant textured dimension parameter 
(micro-groove width) with different machining parameters. Experimental results show 
that design 3 outperforms non-textured and other textured designs. Using a textured 
cutting insert with a narrow micro-groove can eliminate the negative effects of deriva- 
tive cutting and show the benefits of textured cutting tools. Sustainability performance 
analysis provides superiority ranges for each machining strategy. The optimal cutting 
conditions map showed four zones where both machining strategies achieved high per- 


formance metrics. The optimal micro-groove width for textured cutting tools for all 
cutting conditions was 45 um. 
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Abstract. Organizations that manufacture high volumes of complex products 
(e.g., pharmaceutical, automotive, food) require specific strategies to ensure effi- 
cient processing of parts and a sustainable level of inventory by waste minimiza- 
tion. A review of literature sources revealed how inventory is classified and man- 
aged amongst organizations and industries and key challenges that current orga- 
nizations face with existing inventory management systems. In this paper, these 
findings are compared against each other to determine best practices and potential 
shortfalls that should be addressed when trying to manage inventory holistically. A 
study is then conducted using qualitative data from 15 semi-structured interviews 
to answer key questions on inventory management based on the findings from the 
literature survey. Responses are inductively coded and analyzed to reveal the most 
important factors of inventory management and determine the most prominent 
themes. A graphical model to represent the findings is also presented. Inventory 
functional accountability, inventory classification, operational strategies, visual 
management of inventory data, and efficient processes were some of the key themes 
known to be critical for effective inventory management and thus illustrated in the 
graphical model. 


Keywords: Inventory Management - Sustainability - High Volume - High 
Complexity 


1 Inventory Management 


Inventory management can be a complex and critical aspect of a business that needs to 
be proactively managed due to its financial, operational, and environmental impacts [1]. 
Inventory and production management decisions such as transport frequencies, energy 
management policies, and production strategies significantly influence emissions gener- 
ated by transport and storage procedures. Therefore, the efficient management of inven- 
tory is crucial to the reduction of carbon emissions. Its importance is emphasized further 
because it influences all activities related to controlling inventory in the most optimal 
way to meet one or more business objectives [2]. For example, some of the most common 
problems faced by manufacturing organizations are underproduction, overproduction, 
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out of stock situations, delays in the delivery of raw materials (RMs) and discrepan- 
cies in inventory [3, 4]. Moreover, facilities with high volumes of complex products are 
more prone to inventory issues; these production environments are challenging to control 
inventory due to the product’s complexity and respective processes, which are further 
amplified by its volume. In this work, high complex products are defined according to 
the following conditions: 


a) require an international supply chain or at least three national suppliers, 

b) manufacturing requires at least ten weeks, including logistic transportation time, 

c) the product requires at least five different manufacturing process families to be 
manufactured, such as grinding, coating, drilling, welding etc., and 

d) the product comprises at least ten operations in its sequence from the requisition of 
RMs to dispatch to the customer. 


Developing a typology or a classification of inventory helps effectively manage the 
inventory and align with the organization’s priorities. A literature review found that 
researchers classify inventory by purpose [5], type [6], level of control [7], value [8], or 
multiple criteria [8, 9]. 

Perhaps the most common classification is RM, Work in Progress (WIP), and FG 
(Finished Goods). However, researchers highlight that inventory should not be studied 
as a monolithic entity because different types of inventory can affect each other [5, 10]. 
In addition, the imbalances in supply and demand produce a further inventory classifica- 
tion into buffer inventory, cycle inventory, decoupling inventory, anticipation inventory, 
and pipeline inventory [5]. Another approach to classification is via a hierarchical struc- 
ture that splits between controlled and uncontrolled variables [7]. The authors claim 
that controlled variables consisted of item cost, holding cost, shortage cost and procure- 
ment cost, and uncontrolled variables consisted of demand, review period, lead time 
and reorder level. These classification criteria provide a different perspective to view 
inventory which can be valuable depending on the underlying goal of the organization, 
and a wide range of mechanisms can impact each one. Multiple classification systems 
have been studied and compared against the ABC system and found to be more effective; 
some of these alternatives are deemed more effective [9, 11—13]. However, little has been 
developed on inventory classification concerning environmental sustainability aspects. 
In addition, they mainly focused on lot size quantity with minimum possible costs and 
rarely considered environmental factors. This led to growing concern with regards to 
environmental challenges. Therefore, significant interest has been shown in developing 
more sustainable inventory management which is inclusive of environmental, social and 
economic factors [14, 15]. 

There are multiple ways that inventory can be classified, many of which have been 
tested through simulation to prove their merits. Still, none of these simulations repre- 
sents a real-world application because they do not capture the influence of the human 
factors [9]. This paper develops a graphical model that highlights the factors to be con- 
sidered to best manage inventory for high volume complex products in a manufacturing 
organization and its relation to resource efficiency and the minimization of waste. 
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This research was carried out in the form of semi-structured interviews with 15 par- 
ticipants to obtain qualitative data. A qualitative approach was chosen to complement 
the numerous quantitative studies found and to overcome the criticism [9] that exist- 
ing inventory management models fail to capture human factors and, therefore, are not 
representative of real-world performance. Also, it helped to develop further insights, 
fill in the missing gaps identified in the literature review but also to compliment it with 
supporting or contradicting information to gain a better understanding and evaluation 
on the topic. 


2.1 Data Collection 


All interviewees belong to multiple organizations but work for the same industry of civil 
aerospace, gas engine, and turbine blade manufacturers. The selected interviewees were 
a mixture of managers and staff within organizations that manufactured high volume, 
highly complex products answering a series of six questions. The decision to involve 
interviewees from different organizations was motivated by the aim to create a diverse 
participant list in their roles and facilities. Interviews all took place in person and were 
audio-recorded and transcribed. 


2.2 Data Analysis 


Once the interviews were recorded, they were all reviewed and amended to ensure the 
transcriptions were correct to the audio recordings. Transcribed interviews were coded 
using NVivo, which is a qualitative data analysis computer software package. It allows 
further analysis by organizing, analyzing and discovering insights from unstructured 
or qualitative data such as interviews, open-ended survey responses, etc. [17]. Several 
matrices were used to correlate the codes with questions and codes with the different 
interview participants, these included weightings based on the frequency of appearance 
of codes. The weightings is essentially how many times a code appeared across all the 
interviews resulting in its popularity, the more often a code appeared the more prominent 
it is. 

The literature review provided a basis of what is required for inventory management. 
However, using deductive coding could have potentially narrowed down the findings too 
much to the point important subtle information would be omitted. The coding technique 
used was inductive for each question. It ensured that all themes were captured accurately 
to support and contradict existing findings in the literature review. Once all coding was 
completed, a consolidation has been operated based on equivalent meaning, reducing 
their number from 189 to 91. All 91 codes were used in varying degrees based on the 
interview responses. These remaining codes were then put under different themes to 
group them, resulting in 10 themes. Figure 1 provides an example of how the codes and 
themes are structured. Some of the coding examples are: Increase inventory to protect 
customer from arrears, Operations are accountable for inventory, Planning & Control 
are accountable for inventory, everyone is accountable for inventory, etc. 
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Theme 1 Theme 2 


es O 


Main Code Main Code Main Code Main Code 


L Similar Code 1 Similar code 1 Similar Code 1 Similar code 1 


Similar code 2 Similar Code 2 Similar code 2 


Fig. 1. Coding structure 


3 Discussion 


Discussing the most popular codes identified is space-consuming, therefore, for this 
research paper, the discussion will focus on the themes level rather than the code level. 
Each of these themes had multiple codes under them, and each of the codes was used in 
varying amounts across all the transcribed interviews. The themes were also inductive 
to best group the codes produced. The following Table 1 summarizes the most popu- 
lar themes developed from the interviews and an explanation of the codes each theme 
contained. Mapping the themes to the main areas of sustainability (i.e., economic, envi- 
ronmental and social), there is evidence that inventory management in high-volume and 
high-complexity manufacturing systems does not simply affect economic aspects (as 
traditionally perceived), but it is relevant also to environmental and social instances. 
Relatively recent legislative efforts do align financial goals with broader sustainability 
goals including (at least some) externalities in the balance sheets of enterprises. There 
is an expectation that this trend will grow further in the coming years, in particular in 
the regards of environmental impact and resource efficiency. These considerations show 
how important the optimization of inventory management can cascade in a less obvious 
way in contributing to sustainability goals. 

To cover all the high-level key points extracted from the study, a graphical model 
(see Fig. 2) was developed. Organizations with high volume complex products could 
use the model in order to have a good grounding in inventory management. The model 
represents a manufacturing process flow with WIP at various processes. The process is 
in the form of a pipeline that is angled to represent the production flow as a constant 
variable in relation to gravity. The pipeline using gravity also represents a First In, First 
Out (FIFO) system. However, when there is more inventory in a process than desired, the 
first in first out system fails to work as expected because the system becomes overloaded 
and different policy rules (e.g., prioritization and partial orders delivery) are enforced. 
It reflects the importance of having the correct inventory level at each process. The 
three key accountable functions: Operations, Planning & Control and Engineering, are 
highlighted around the model. A conveyor belt below called “Side Processes” represents 
parts leaving the main pipeline. The conveyor belt is moving parts upwards and thus 
against gravity to represent the challenge that side processes can have more resistance 
to processing parts; this is an area that Engineering need to focus on to improve. Some 
parts may also leave the side process because of not being suitable for the customer; this 
is a potential case with complex products. 
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Table 1. The identified themes and the explanation of codes they contained categorized according 
to the three “pillars” of sustainability 


Theme Explanation of codes each | Economic | Environmental | Social 
theme contained 


Accountability Codes that discuss or x 
specify individuals or 
functions who should be 
accountable for inventory 


management 
Awareness, Behaviours and | Codes that mentioned any x 
Culture one or more of those 


elements in relation to 
inventory management 


Data Codes that related to x x x 
inventory management 
data, any data related 
practices and issues 


Efficient Processes Codes that allude to x x 
processes need to be lean, 
easy to follow, and resource 
efficient 


Management & Leadership | Codes that mentioned how | x x x 
senior figures in an 
organization could 
influence the way inventory 
is managed or how they 
manage other concerns of 
an organization 


Planning & Control Codes that covered the way | x x 
inventory can be managed 
through planning 
techniques, forecasting and 
strategies for domestic and 
the external supply chain 


Process Compliance Codes that mentioned x x 
compliance issues and 
importance 

Technology Codes that highlighted x x 


technology in relation to 
inventory management 


Visual Management Codes that alluded to any |x x 
visual management 
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Planning & Control dictate the launch of inventory dictated by the customer demand 
and operations. It is because operations report what is in the various processes; this 
information with customer demand should be used to carefully control the launch of 
parts to ensure just the right quantity of parts are in the process. There is an optimum 
level of inventory for each process, this optimum level needs to be visually highlighted 
to all functions so the correct decisions can be made on inventory prioritization and 
the correct inventory classification can be applied. The more accurate the planning is in 
regard to RMs, and FGs needed to satisfy the customer requirements consistently, the 
less inventory management is required due to fewer errors between actual and forecasted 
demand. Moreover, controlling the flow of materials by the use of supermarkets and 
calculated amounts of WIP, will result in less wasteful processes and fewer energy 
consumed [18]. 

Operations are directly and solely in charge of “opening the gates” for each operation 
to allow parts to flow through. Some of these parts may be in batches as they are easier 
to control. It is illustrated by how the batches of parts are grouped together versus the 
mix of all sorts of different parts that are difficult to quantify. A weighing scale shows 
how the inventory management metrics of cost, quantity and slow-moving WIP for each 
process and area must be balanced with other organizational metrics. Otherwise, effective 
inventory management can be jeopardized. Flowing through the operations consumes 
energy and requires resources. Therefore, a lean operation with less waste produced 
and resources consumed would allow for a more resource efficient system with fewer 
inventory and less energy required for storage and transportation [16, 19]. 


(1) Customer demand and Operation 
Lead times 
Team of three accountable (P&C, 
Operations, and Engineering) 


(3 ] First In First Out 


Batch Manufacturing for greater 
control of parts 

Correct lovels of Inventory at each 
operation 

Balance Inventory Metrics with other 
organisation metrics 
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Fig. 2. Graphical model of inventory management for high volume complex products 
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4 Conclusion 


Inventory management for high volume complex products requires the cooperation of 
many areas of an organization with clear decision making, metrics and visualization. 
When appropriately broken down and sub-categorized, Slow-moving WIP, value and 
quantity were the main classifications that yielded the most benefit. However, an effec- 
tive way to manage inventory is to manage the culture and behaviors, manage metrics 
and their visualization, simplify processes and ensure adequate storage areas on the 
shop floor. The issues and resolutions were quite vast and broad but consisted of visual 
management, raising inventory management awareness, improving processes, utilizing 
technology where possible and processing parts in batches. In particular, improving the 
processes via lean principles will lead to waste minimization and resource efficiency. 
Although it was not mentioned to apply different weightings or priorities for different 
criteria as inventory was not given a score in the organizations involved in this study, 
business-specific inventory classifications with different weightings for each criterion is 
suggested. Moreover, the reliance on technology and human factors result in effective 
inventory management. 
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Abstract. Highly autonomous production cells are a crucial part of manufacturing 
systems in industry 4.0 and can contribute to a sustainable value-adding process. To 
realize a high degree of autonomy in production cells with an industrial robot and 
a machine tool, an experimental approach was carried out to deal with numerous 
challenges on various automation levels. One crucial aspect is the scheduling 
problem of tasks for each resource (machine tool, tools, robot, AGV) depending 
on various data needed for a job-shop scheduling algorithm. The findings show 
that the necessary data has to be derived from different automation levels in a 
company: horizontally from ERP to shop-floor, vertically from the order handling 
department to the maintenance department. Utilizing that data, the contribution 
provides a cascaded scheduling approach for machine tool jobs as well as CNC 
and robot tasks for highly autonomous production cells supplied by AGVs. 


Keywords: robot - scheduling - optimization - algorithm 


1 Introduction 


Due to the rapid development in science and industry, manufacturing systems are 
designed with a higher degree of autonomy with the help of different technologies. 
To increase productivity and long term competitiveness, companies rely on robots for 
automated handling and manufacturing tasks with light force requirements as well as 
AGVs for peripheral logistic processes. Manufacturing systems with multiple machines 
and one or more corresponding robots are called robotic cells [1]. As of right now, the 
robots are mostly used for material handling such as loading/unloading parts. AGVs on 
the other hand are used to transport raw material, finished parts or tools. To efficiently 
deploy these resources, comprehensive scheduling algorithms are needed which found 
an increasing interest and growth over the last years. Scheduling algorithms, in partic- 
ular for the job-shop problem (JSP) are needed when multiple jobs and several tasks in 
a job need to be scheduled on multiple machines or resources [2]. Generally it can be 
stated, with higher degree of autonomy in a production system, it is more important to 
have a powerful scheduling approach to increase the efficient utilization of cost-intensive 
machine tools, robots and AGYs, see also [3]. 
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In the past decade, there have been many attempts to schedule multiple machines with 
matheuristics as seen in [4]. The authors contribution revolved around the scheduling of 
jobs with set tool requirements. While considering release times, due dates and different 
tool requirements the goal was to minimize the tardiness of operations and tool setup 
time. To solve this problem, they provided a new matheuristic that combines genetic 
algorithm and integer linear programming formulation. Another matheuristic to solve 
multi-objective jobshop-problems was proposed by [5]. Here, the application of job- 
shop scheduling (JSS) was centered around a robotic cell. As mentioned before, the 
purpose of the robot is to handle material between machines or different work stations. 
Considering that, the authors came up with a Teaching Learning Based Optimization 
algorithm that aims to minimize makespan and the total earliness and tardiness. The 
same approach of employing a robot to handle material between multiple machines is 
shown by [6]. Nonetheless, robots in production cells can not only be used for material 
handling. As seen in [7], robots can also perform collaborated tasks, especially if there is 
downtime between material handling jobs. To acquire these so called “robot-collaborated 
processes” (RCP), the authors lean into Tabu Circulatory Time Point algorithms. While 
considering different constraints, the algorithm optimizes the order in which the robot 
can move. 

Creating an optimization algorithm requires various data and constraints. These, in 
the case of the JSP, stem from different levels of automation in a company and various 
systems in the actual engineering and production IT-environment. In Fig. | the vertical 
and horizontal automation levels are shown. 


a 
Operations Level [MES 
mes) Control / Field-Level 
+ ERP - order data Autonomous © Raw material supply 
e CAD/CAM - G-Cade Input data Cascaded execution e Tool setup 
e Working Plan + for + scheduling + schedulefor —| © Machine /robot/ AGV setup 
e Ressource Plan scheduling algorithm multi s Finished goad transport 
etl ressources ef.) 
| Planning operations Shop-floor operations 


Autonomous execution schedule for multi ressources 


Vertical integration 


Horizontal value chain 
Horizontal integration 


Value chain / Life cycle 


Consistent engineering 


Vertical value chain 


Fig. 1. Vertical and horizontal automation levels 


Cascaded Scheduling for Highly Autonomous Production 385 


Within the vertical integration, the data are provided by functional organizations 
inside a company while the horizontal integration focuses on the value adding chain. 
In sustainable companies the IT landscape should be embedded in a product-lifecylce- 
management software. Nonetheless, the reality shows data format breaks are present and 
various data sources for machine capacity, available tools, customer jobs and tasks from 
work plans are needed for a scheduling algorithm for highly autonomous manufacturing 
systems [8]. In this paper, an approach is demonstrated on how to schedule both, jobs 
and their corresponding tasks. The first part is to schedule the superordinate jobs in 
regards to tool management. The aim is to reduce changeover time of multiple robotic 
cells which undergo tool change provided by an AGV. The second part is to schedule 
subordinate tasks of each job to contemplate for the possibility of robot-collaborated 
processes. 


2 Problem Definition and Scheduling Model 


This section provides insight into the current manufacturing setup and how the machinery 
is established. Additionally, two of the main problems that emerge from these robotic 
cells will be explained and how they affect the selection of scheduling methods. At last, 
the chosen scheduling model will be elaborated. 

This contribution does not concentrate on robotic cells with one robot and multiple 
machines but rather on a machine tool park where each machine is equipped with one 
robot (see Fig. 2). Here, raw material and tools are handled and provided by AGVs for all 
robotic cells. The first AGV is responsible for providing raw material while also carting 
off finished parts, if the shelf is full. The purpose of the second AGV is to supply all 
machines with the corresponding tools needed for the assigned jobs on the machine. 


Production cell i Production cell i+] 


Industrial 
robot 


Machine tool 
with tool 
. magazine 


‘ea .« Production cell n 


Production cell i+2 


Fig. 2. Manufacturing setup 
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In this kind of manufacturing system setup there are two main problems: 


Problem 1. The first problem arises from the fact that there are some machines which 
share the same tools. In this case, the tools, which are provided via AGV, have to be 
scheduled efficiently to reduce tool changeover and AGV run time. 


Problem 2. The second problem is related to the robot. At first, the sole purpose of the 
robot was material handling e.g. to load parts in the machine and unload them. After 
handling the parts, while the machine is working, the robot stands still. To avoid idle 
time, robot-collaborated tasks will be incorporated into the jobs. Therefore, tasks have 
to be scheduled between machine and robot to minimize makespan. 

As elaborated in Sect. 1, there are many different optimization algorithms and 
matheuristics. Considering the two main problems, that jobs as well as tasks have to 
be scheduled while also considering different constraints like tool availability and man- 
ufacturing task order, an already existing method stood out. The chosen model to solve 
the underlying problem is a combination of constraint programming (CP) and Boolean 
satisfiability (SAT) called CP-SAT. Constraint programming has already been proven to 
be a suitable solution for the jobshop problem, as seen in [9-12]. The authors use CP in 
combination with other techniques, such as mixed integer linear programming, to solve 
different kinds of JSP. As the name Constraint Programming implies, it integrates the 
possibility to set constraints to solve combinatorial optimization problems [13]. 


3 Constraint Programming Algorithms 


In this section, the previously mentioned restrictions and constraints extracted from the 
actual engineering and production environment will be considered and elaborated. These 
constraints are split into two different parts for job and task scheduling. Next, the CP 
algorithms will be further explained, especially concerning tool management and task 
allocation of different resources. 

For all robotic cells, in regards to job and task scheduling different assumptions had 
to be made. The following points address premises for job scheduling respecting tool 
management. 


All machines M; (i = 1, 2,.., M) can manufacture all parts J, (n = 1, 2,..., N) 
Every production order can be assigned to any machine 

Each machine can manufacture only one part at a time 

All production intervals on one machine can not overlap 

All parts in a lot/order are identical and are processed consecutively 

Specific tool sets T; (i = 1, 2,..., T) are shared between all machines 

These specific tool sets can only be used in one machine at a time 

Raw material and finished parts are handled by an AGV 


PSN A PO Ne 


Cascaded Scheduling for Highly Autonomous Production 387 


with M being the total amount of machines, N the amount of parts to process and T 
the number of tool sets available. Considering all eight assumptions the first algorithm 
was built to schedule all jobs/parts onto all available machines Mj. ;. The algorithm 
is given the number of available machines and all production orders with the process 
duration and tool sets needed. After all jobs have been scheduled, the tasks inside of each 
job also undergo scheduling to allow for robot-collaborated processes. For this reason, 
a second algorithm, which is similar to the first one, was established and was equipped 
with the following assumptions. 


— 


The first and last task P; (i = 1, 2,..., P) are loading and unloading the machine 

2. The robot R; (i = 1, 2,..., R) is capable of taking over processes from the machine 
(RCP) 

3. The duration of RCP cannot be longer then the main process of the machine M 

4. Technological sequences have to be followed 


with P containing all tasks of job J; and R being the total amount robots. The 
algorithm considers manufacturing sequences and assigns tasks from the machine to 
the robot for less idle time. The advantage of the existing CP models is that there are 
predetermined constraints like “AddNoOverlap” [14] which can be applied to certain 
problems. Nonetheless, to solve the first problem mentioned in Sect. 2, a tool change 
penalty was implemented. The algorithm scans for all possible job sequences on all 
machines, then takes one job with a specific tool set and compares all other jobs to it 
and checks if the tool set is different. If the compared job has a deviating tool set, the 
algorithm imposes penalty and writes it into a variable. The objective of the algorithm is 
now to minimize the makespan as well as minimizing the tool change penalty variable. 

For the second problem of task allocation between two resources, a similar approach 
was taken. When looking at the tasks, it is important to clarify which tasks of the machine 
can be done by the robot. The algorithm then checks all possible combinations of task 
assignments for the smallest makespan and puts them into an efficient order. 
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Figure 3 summarizes all necessary components and their relations, starting from the 
AGV that supplies raw material to the last task of a job that unloads the finished part 
from the machine. 


4 Application on Production Data 


This section displays the scheduling results of the algorithms. As mentioned before, the 
first task is to schedule jobs based on tool availability and tool change. After the jobs have 
been scheduled, each job is split into its tasks to again minimize the makespan. This is 
achieved by robot corporated processes of the robot in each corresponding robotic cell. 
The results of the algorithms will be shown using real production data. 


: 
H 
Material $ 
AGV poib $ 
H 


Fig. 4. Top - Automated job scheduling on three machines, bottom - task scheduling between 
machine and robot 


The data basis for job scheduling are jobs and their corresponding duration and used 
tool sets. Each tool set is equipped with a number of tools needed for the specific job and 
NC program. As seen in Fig. 4, there is a total of 12 jobs scheduled on three machines. 
Before the first job on every machine, an AGV provides raw material to all machines 
sequentially (red dotted arrows). After a machine is provided with material, it can start 
the first order and the AGV supplies the next machine. Looking at tool set 4 (red boxes), 
there is no overlap of usage between all machines, since this tool set is only available 
once. To further clarify tool sets, tool number 4 was split into three sub tools which are 
used in succession. 
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When looking into each of the jobs, they include the manufacturing process of the 
part and post processing steps, such as deburring and washing. For the latter, the tasks 
will be scheduled onto the robot. Since there are tasks that can be executed by both the 
machine and the robot, the algorithm searches for all possible combinations and allocates 
all tasks to the most fitting resource by minimizing the makespan of the job. As seen in 
Fig. 4 (bottom part), while the machine is manufacturing (Task 1), the robot takes over 
the post processing of the previously manufactured part in the lot. The process duration 
of the robot is in the chosen exemplary use-case always less than the main process of 
the machine. Hence, the robot will be ready to unload the part to eliminate idle time 
of the machine. The result of the job and task scheduling provides plan of jobs with 
the smallest possible makespan and changeover time, while integrating both resources 
machine and robot as far as possible. 


5 Conclusion and Further Research 


In this work we provide a scheduling approach for production orders and their sub- 
ordinate tasks with allocation to different resources. The algorithms are based on a 
CP-SAT scheduling approach, combining constraint programming and Boolean satisfi- 
ability. While considering numerous constraints derived from real production environ- 
ments, the algorithms are applied to real production data of different sources e.g. the 
ERP system, work and tool plans as well as factory layout data. The results are pro- 
duction order and task schedules that minimize makespan and reduce tool changeover 
time. This also improves vertical automation in a company on the ERP and planning 
level, by shortening capacity planning and shift management, as these are generated 
automatically. Additionally, the algorithm further enhances horizontal levels in the form 
of value adding processes in the production environment. Autonomous AGVs relieve 
workers from monotonous work like filling shelves or moving material which benefit 
the social dimension of the three pillars of sustainability. The focus on the efficient use 
of materials and resources enables for ecological and sustainable production. As the 
last pillar economics, a high degree of autonomy provided by scheduling with multiple 
resources facilitates the long-term competitiveness of a company. The high flexibility of 
multiple robotic cells further facilitate the application of a wider product portfolio while 
reducing resources in the form of material and tool optimization. 

Further research includes the consideration of single tools inside of different tools 
sets. To enhance to scheduling reliability, the actual changeover time of tools between 
two jobs has to be integrated. It is also thinkable to consider the allocation of single 
tools from a tool set after it is been used. This could impede long idle times resulting 
from changing a lot of tools at once. Another important topic would be combining 
both algorithms into one. This would allow for actual implementation in a production 
environment. 
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Abstract. Trailer manufacturing organisation considered in this study is currently 
experiencing a high volume of backlog orders due to its poor balancing of produc- 
tion workload distribution during capacity planning and scheduling. This issue has 
resulted in loss of sales orders experienced by the trailer manufacturing organisa- 
tion. In light of this, this research study developed a model that could be used to bal- 
ance production workload distribution that could be used to timeously meet vary- 
ing customer orders as well as drastically minimise the backlog cost experienced 
in a trailer manufacturing organisation. To achieve this, on the one hand, a system 
model of the current production workload distribution used at this trailer manu- 
facturing organisation was developed using AnyLogic software and parametrized 
using the manufacturing system operation operating conditions obtained via sys- 
tem observation for a period of three (3) months, in order to identify the bot- 
tleneck stations and inefficiencies present within this organisation. On the other 
hand, design of experiments, equipped with feasible workload control strategies 
were conducted on the model. The result of the simulated model revealed that the 
usage of an additional two bending machines and two primer paint workers, usage 
of additional three laser machines and three treatment workers, Heijunka order 
dispatching principle and Constant Work-In-Process (ConWIP) will increase the 
service level and mean machine capacity utilisation of the organisation, as well as 
reduce the backlog cost, opportunity cost and average order lead time. 


Keywords: Workload Distribution - Heijunka - ConWIP - Backlog Orders 


1 Introduction 


Manufacturing organisations are forced to always continuously monitor their production 
processes in order to identify the inefficiencies present within their processes and there- 
after implement strategic changes that could help to alleviate these inefficiencies, thereby 
improving the productivity of a manufacturing organisation (Li 2013). The study of Lod- 
ding (2013) indicated that there is a high chance that some or all of the production pro- 
cesses/workstations in an organisation could experience limited manufacturing capacity, 
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which thus make these processes/workstations to be tagged as bottlenecks/constraints 
experienced in the organisation. According to Kolinski and Tomkowiak (2010), Hsaio 
et al. (2010) and Betterton and Silver (2012), bottlenecked workstation is defined as a 
workstation that limit the efficiency of a production process, thereby exhibiting lowest 
level of productivity amidst other workstations present within an organisation. Bottle- 
necked workstations tends to dictate the throughput rate exhibited by a system, thereby 
contributing to the phenomena of high waiting of WIP inventories, backlogged customer 
order and significant amount of underutilisation of subsequent workstations (Li 2009). 

Theory of Constraint (TOC) has been identified by previous researchers to address 
this issue. According to Goldratt et al. (2004) and Buddas (2014), the various steps that 
needs to be undertaken to apply TOC in an organisation include identification of the 
system bottleneck, decision on how to exploit the system bottleneck, subordination of 
bottlenecked workstation and elevation of the bottlenecks. A lot of studies such as Urban 
and Rogowska (2018), Sari et al. (2019), and Lizarralde-Aiastui et al. (2020) have used 
myriads of methods to identify bottlenecks present in an organisation. However, to the 
best of the authors’ knowledge, there are no case studies within the trailer manufacturing 
organisation that has applied simulation models in this regard. Simulation is defined as 
a means of imitating the behaviour of a system by means of a model (Kikolski 2016). 
Simulation model could be deployed as a means determining the performance of the 
current system used in an organisation as well as facilitate decision making that will 
help improve the performance of a system. Simulation promote a holistic picture of the 
behaviour of processes used in an organisation. It could also be used, when it is not 
feasible to obtain a solution to an industrial problem by means of analytical method or 
experiments (Ojstersek and Buchmeister 2020). Simulation could also be used to track 
myriads of operations carried out in an organisation for a period of few hours to years, 
if need be, hence, suitable to achieve short and long term decision making (Ojstersek 
et al., 2020). Simulation could be deployed as a means of pinpointing anomalies that 
could negatively affect the performance of production processes used in an organisation 
(Parv et al., 2021). However, in the context of this study, simulation will be deployed, on 
the one hand, to identify the bottlenecks contributing to high customer order backlogs 
experienced in a trailer manufacturing organisation. On the other hand, it will be used 
as means of validating the strategies that could be used to elevate the identified bottle- 
necks and subordinate other workstations, towards reducing the backlog experienced 
in the organisation as well as exponentially improve the productivity achieved in the 
organisation. 

The structure of the paper is highlighted as follows. Section 2 present the method- 
ology deployed in this study towards developing a simulation model for the case study 
trailer manufacturing organisation. Section 3 present and discuss the results of the simu- 
lation model while the last section conclude based on the results obtained from the study 
and thereafter unveil the future research work. 


2 Methodology 


A quantitative research design approach premised on the use of a discrete-event simu- 
lation modelling approach was deployed in this study. The first phase of the simulation 


A Model to Balance Production Workload 393 


modelling approach involves the observation and note taking of the production pro- 
cesses used in the case study trailer manufacturing organisation by the authors. The 
second phase involves the collection of historical data such as the work station cycle 
time, number of customer orders per day, capacity of the work station and the work 
order release method used in the organisation. A summary of the data collected through 
system observation and elicited from archival data for use in this study is depicted in 
Table 1. 


Table 1. Summary of data collected from a Trailer Manufacturing Organisation 


Model Value Workstation | Capacity | Processing Time 
Parameters (Hours) 
Primer Paint | 1 Random. Triangular 
(2, 4, 8) 
Customer 200 units of trailers Tac Weld 1 | 1 Random. Triangular 
demand/month station (1, 2, 3) 
Duration of 3 months. Therefore total Robot Weld | 1 Random. Triangular 
simulation demand equal to 600 trailers 1 (d, 1.5, 2) 
study 
Customer 3-6 customer order Tac Weld 2 | 1 Random. Triangular 
order arrival exponentially arrive per day (2, 2.2, 3.6) 
rate/day 
Number of 1 Robot Weld | 1 Random. Triangular 
customer 2 (1.8, 2, 2.5) 
arrival/period 
Operations 6 days per week at a rate of 24 | Chassis 1 Random. Triangular 
duration of the | working hours/day, which Assembly (2, 2.5, 3) 
organisation equals to 1728 h of simulation 
run 
Workstation Capacity | Processing Time Painting 1 Random. Triangular 
(Hours) (2, 2.5, 3) 
Laser cutting |1 Random.Triangular | Final 1 Random. Triangular 
machine (5, 10, 12) Assembly (6, 6.2, 6.5) 
Computer 1 Random.Triangular | Quality 1 Random. Triangular 
Numeric (3, 6, 9) Control (0.5, 1, 1.5) 
Control (CNC) (QC) 
machine Inspection 
Treatment 1 Random. Triangular 
station (4, 10, 12) 


The third phase involves the modelling and parametrization of the current work 
ordering release and production mechanism of the trailer manufacturing organisation 
using AnyLogic software package. The summary of the procedure used to model and 


394 G. van der Walt et al. 


parametrize the current work ordering release and production mechanism of the trailer 
manufacturing organisation is highlighted as follows: 


1) Drag a source node, twelve stations, eleven queues (where customer order and WIP 
inventories will wait when the stations are busy), and a sink node into the AnyLogic 
interface. 

2) Drag four points into the interface. Name the first two points as Start J and Start 2 
and the last two points as End 1 and End 2 respectively. The first two points measure 
the time customer order spent waiting before it is been released for processing while 
the last two points measure the lead time and flow time to produce a trailer product 
respectively. 

3) Parametrize the name, order arrival/day, agent per arrival and maximum number 
of order arrivals of the source node as Trailer_Orders, uniform.discrete(3, 6), 1 
and 600 respectively. 

4) Activate the enable exit on timeout, with a view to ensure that customers withdraw 
their orders, if a customer order is not released for production within a period of 
7 days. Define the queueing rule to be FIFO and the queueing capacity to be 100. 

5) Set the processing time of each workstation to be the processing time of each 
associated workstation captured in Table 1. 

6) Use the Parameter function on the AnyLogic software to parametrize various 
metrics such as manufacturing cost, backlog cost and revenue generated by the 
organisation. 

7) Deploy the Chart function on AnyLogic software and parametrize it with Revenue 
(R) parameter, Cost (C) parameter and Backlog Cost (Z) parameter respectively. 

8) Set the value of C as sink.count() x production cost/order 

9) Set the value of R as sink.count() x selling price/order 

10) Set the value of Z as {sourceorder.count() — sink.count()} x backlog cost/order 

11) Define another parameter, Profit (P) under the Chart function and set its value as 
R-(C +2). 

12) Create a time plot graph function to visually display the time spent in 

processing WIP units against the time spent to wait for the dispatch 
of the order to the production line for processing. Therefore, set the 
first data set name to plot as wait for manufacturing and its value as 
Queue_to_manufacturing.StatsSize.Mean and set the second data set name to 
plot as WIP and its value as queuel_CNCbendingmachine_Statsize.Mean() + 
queue2_treatmentstation_Statsize.Mean() 
+ queue3_primerpaint_Statsize.Mean() + queue4_tacweld1_Statsize.Mean() 
+ queue5_robotweldI_Statsize.Mean() + queue6_tacweld2_Statsize.Mean() + 
queue7_robotweld2_Statsize.Mean() + queue8_chassisassembly_Statsize.Mean() 
+ queue9_painting_Statsize.Mean() + queue10_finalassembly_Statsize.Mean() + 
queue11_qualitycontrolinspection_Statsize.Mean() 

13) Run the statistics of the average queue length for the entire system by using 
queue. Statsize.Mean(). 

14) Create a backlog cost function to display the number of orders backlogged, which 
deploys a value; {sourceorder.count() — sink.count()} x backlog cost/order, to 
generate the plot. 


A Model to Balance Production Workload 395 


15) Measure the average utilisation of each workstation by means of Stat- 
sUtilisation.Mean() function. Plot the results on the Bar Chart by using 
the values of: lasercutting_ StatsUtilisation.Mean(), CNCbendingmachine_ 
StatsUtilisation.Mean(), treatmentstation_ StatsUtilisation.Mean(), primerpaint_ 
Stats Utilisation.Mean(), tacweld1_StatsUtilisation.Mean(), robotweld1_ StatsU- 
tilisation.Mean(), tacweld2_StatsUtilisation.Mean(), robotweld2_ StatsUtilisa- 
tion.Mean(), chassisassembly_StatsUtilisation.Mean(), painting_ StatsUtilisa- 
tion.Mean(), finalassembly_ StatsUtilisation.Mean(), and qualitycontrolinspec- 
tion_ StatsUtilisation.Mean(), respectively. 

16) Lastly, create a time plot to visually display the flow time for the orders processed 
using the appropriate data set. 


The last research phase involves the design of experiment, which comprises of sim- 
ulation of suitable strategy that have the potential of elevating bottlenecks present in 
this manufacturing organisation as well as reducing the customer order backlog. The 
developed simulation model of the trailer manufacturing organisation considered in this 
study is presented in Fig. 1. 
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Fig. 1. System Model of the trailer manufacturing organisation 


3 Results and Discussion 


3.1 Simulation Results of the Performance of the Manufacturing System Used 
in the Trailer Manufacturing Organisation 


3.1.1 Results for the Revenue, Cost, Profit, Throughput and Service Level 
of the Organisation 


During the three month simulation, the trailer manufacturing organisation generated a 
profit of $822909 at a revenue of $2.47 million and a total operations cost of $1.65 
million. It is evident that the organisation has an opportunity cost of $3.82 million due to 
orders that were cancelled by customers who had waited longer than the specified lead 
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time of seven days. The total backlog cost incurred by the organisation accumulated to 
$4.4 million. In addition, based on the simulation result, the organisation received a total 
of 370 confirmed customer orders. They managed to complete and deliver 133 of the 
required orders with a balance of backlog orders that amount to 237. This gives them a 
service level percentage of 35.95%. 


3.1.2 Simulation Results of the Lead Time, Flow Time and Machine Average 
Capacity Utilisation at the Trailer Manufacturing Organisation 


The average flow time to produce a trailer based on the total flow time distribution experi- 
enced over a period of three months is 48.58 h. Based on the result of the simulation, one 
could therefore conclude that the minimum, average and maximum manufacturing time 
that could be used to complete a customer order are 40 h, 48.58 h and 58 h respectively. 
After analysing the distribution of the lead time over a period of three (3) months, it is 
evident that the average lead time to produce a trailer is 174.84 h, which is more than 
the double of the average flow time. One could therefore already claim that the waiting 
time for orders to be dispatched is high owing to the manufacturing line experiencing 
capacity constraints. The capacity constraints experienced by the organisation is evident 
since on the one hand, there were very long queue of orders, which ranges between 23 
to 43 WIP orders waiting to be sent to the manufacturing station. On the other hand, 
the organisation experienced unbalanced workstation capacities utilisation as depicted 
in Fig. 2. 
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Fig. 2. Workstation Average Capacity Utilisation for a period of 3 months 


Figure 2 revealed that the average capacity utilisation is unequally distributed among 
the machines with a mean total utilisation of only 28.33%. The workstation with the 
highest utilisation is the laser machine workstation with a 70% utilisation factor and 
the least utilised workstations are the final assembly and QC sections with only 0.08%. 
The sum of the average utilisation possess the required capacity to meet the customer 
demand but the organisation needs to look at line balancing of the stations that are 
causing a bottleneck in the process. In turn, they cause the company to suffer backlog 
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cost and unhappy customers. In light of this, the authors pinpointed the laser machine 
workstation as the primary bottlenecked station while the treatment, bending and primer 
workstations were identified as the secondary bottlenecked workstations. 


3.2 Strategies to Improve the Productivity and Reduce the Backlog Cost 
of the Organisation 


In order to exploit and elevate the bottlenecks experienced in the organisation, the 
TOC and line balancing principle were deployed by the authors, which thus unveils 
the following strategies: 

1) Increment of the capacity of lasers and bending machines used in the organisation 
by three and two fold respectively, 2) Increment of the capacity of the treatment and 
primer paint sections by three and two fold respectively, 3) Change from push to pull 
by utilising one-piece flow, CONWIP, and Heijunka dispatching principle, and 4) Better 
order management at the sales site to reduce the variability of incoming orders using 
workload control and customer enquiry management principle. 

The ideology behind this order management principle is that the planning section 
now has an order release mechanism to control the amount of work on the shop floor. 
After applying better order management, the sales and planning team in the organisation 
is expected to receive live feedback from the production team and can now accept more 
orders per day. Therefore, only the pre-shop pool waiting time is considered to vary. Since 
the shop floor workload is stabilised, more shop floor throughput time is allowed. The 
total capital required to purchase the new machines as well as hire additional labourers 
required at the treatment and primer paint sections would increase the total operating 
cost of the organisation by $12993 which was therefore, factored into the improvement 
model. 


3.2.1 Simulation Results of the Revenue, Cost, Profit, Throughput and Service 
Level for the Improved Manufacturing System of the Trailer Manufacturing 
Organisation Using the Proposed Strategies 


For the improvement model, during the three month simulation, the trailer manufacturing 
organisation is expected to generate a profit of $2.48 million at a revenue of $8.26 million 
and a total operations cost of $5.78 million. It is evident that the organisation is expected 
to have an opportunity loss cost of $0. The total backlog cost is expected to reduce to 
$1.04 million. In addition, based on the simulation result, the organisation is expected 
to receive a total of 501 confirmed customer orders. The organisation is expected to 
complete and deliver 445 of the required orders with a balance of backlog orders that 
amount to 56. This will give the organisation a service level percentage of 88.82%. 


3.2.2 Simulation Results of the Lead Time, Flow Time, and Machine Average 
Capacity Utilization for the Improved Trailer Manufacturing System Model 


The average flow time to produce a trailer based on the total flow time distribution 
experienced over a period of three months is 51.09 h. One could therefore conclude 
that the minimum, average and maximum manufacturing time that could be used to 
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complete a customer order are 36 h, 51.09 h and 66 h respectively. After analysing the 
distribution of the lead time over a period of three (3) months, it is evident that the 
average lead time to produce a trailer is 83.88 h, which is closer to the average flow 
time, as compared to the simulation result of the current manufacturing process of the 
organisation. A bottleneck occurred at the waiting order station where orders wait to be 
released into the manufacturing process with an average WIP of 9.84 ~ 10. Therefore, 
the organisation is expected to experience a semi-equally distributed workload among 
the workstations (see Fig. 3) with a mean total utilisation of 57.58%, if the proposed 
strategies are implemented in the organisation. 
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Fig. 3. Workstation Average Capacity Utilisation for the improved system model for a period of 
3 months 


The station with the highest utilisation is the laser machine workstation with an 
80% utilisation factor and the least utilised workstations are the final assembly and QC 
sections with 26% utilisation. It can also be observed that the utilisation is more evenly 
distributed than that of the simulation result of the current trailer manufacturing process. 
This indicates that the trailer production line is balanced compared to that of the current 
trailer manufacturing process. The total mean utilisation is much higher than that of the 
current trailer manufacturing process, which indicates that the company would achieve 
better throughput. In light of this, it could be inferred that the organisation: (i) trailer 
throughput in terms of customer order received and processed, and total revenue would 
increase by 35.41% and 234.59%, (ii) backlog cost, opportunity cost and lead time 
would reduce by 76.37%, 42.23% and 52.02%, and the (iii) service level, and mean 
capacity utilisation would increase by 52.88%, and 29.25% respectively, if the trailer 
manufacturing organisation considered in this study implement the strategies proposed in 
this study. The process simulation exercise conducted in this study unveil cost-effective 
solutions that are tailored towards improving the productivity and service level of the 
trailer manufacturing organisation at a minimized operations cost, while maximizing the 
capacity utilisation of the organisation. 
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4 Conclusion 


In this study, on the one hand, we explored how system modelling and simulation could 
be used to validate the strategies that could be used to reduce backlog cost owing to 
high customer order backlog experienced in a trailer manufacturing organisation. On 
the other hand, we also investigated how system modelling and simulation could be 
used to elevate bottlenecks as well as balance the production line of a trailer manufac- 
turing organisation towards improving its productivity and revenue. The result of the 
simulation exercise pinpointed that the organisation experienced high fluctuations in 
machine capacity utilisation. It was also observed that the laser machine is the primary 
bottleneck workstation while the treatment, bending and primer paint processes are the 
secondary bottleneck workstations. In order to address this aforementioned issue, it was 
asserted by means of simulation that increment of the capacity of the laser and treatment 
workstations by three folds, increment of the capacity of the bending machine and primer 
paint workstations by two folds, and the use of a pull system would reduce the backlog 
cost experienced in the organisation by 76.37%, as well as increase the machine capacity 
utilisation and service level of the organisation by 29.25% and 52.88%, if these proposed 
strategies are deployed in the trailer manufacturing organisation considered in this study. 
Implementation of the proposed strategies at the trailer manufacturing organisation and 
measurement of their impact need to be explored in future studies. 
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Abstract. The food supply chain presents numerous challenges from farm to 
fork resulting in over one third of all food produced going to waste. These chal- 
lenges uniquely affect the level of food insecurity among regional populations. 
Food lost in the production and manufacturing stages of the supply chain are most 
influential in developing nations. Meanwhile the retail and consumer stages sub- 
stantially affect food wasted in developed nations. The project described in this 
paper applies a systems-based approach to evaluate the inventory management 
needs for a charitable food recovery organization (FRO) and develop a tool for 
more effective management of recovered food. The capabilities to be incorporated 
in the tool are identified through an in-depth literature review and a current state 
assessment of the FRO’s system. Influential relationships and feedback loops are 
examined to provide a central view of inventory assets, how they are acquired and 
dispersed. The easy-to-use tool is then developed to interface with existing data 
collection mechanisms at the FRO. The paper will detail the research involved and 
necessary steps taken to provide accurate sustainability and inventory reporting 
for the FRO for more effective food recovery. Limitations of the tool and potential 
improvement opportunities will also be discussed. 


Keywords: Food Waste Recovery - Inventory Management - Sustainability 
Reporting 


1 Introduction 


More than 2.3 billion people around the world are food insecure while one third of 
edible food is lost or wasted [1]. The industrial economy has evolved and diversified 
over time, yet the process of linear production and consumption has remained largely 
unchanged. The United Nations Food and Agricultural Organization (FAO) describes 
food loss as any food that is disposed of before reaching the retail level of the food supply 
chain [2]. Food waste refers to the disposal of food at the retail and consumer level of 
the food supply chain (FSC). Food waste commonly occurs when fresh produce is not 


© The Author(s) 2023 
H. Kohl et al. (Eds.): GCSM 2022, LNME, pp. 401-409, 2023. 
https://doi.org/10.1007/978-3-03 1-28839-5_45 


402 C. Dean et al. 


aesthetically optimal for retail sales, food date labels are confused or misinterpreted, 
and food is unused or leftover from foodservice and households [2]. The cost of food 
waste was estimated at | trillion USD in 2014 making the need to address food waste 
a financial affair [3]. Furthermore, the environmental impact of food waste includes 
each resource consumed and all pollutants emitted to produce, process, transport and 
ultimately dispose of food fit for consumption. 

Previous work emphasizes inventory management capabilities along the FSC to 
decrease food loss and waste [4]. Food recovery efforts can divert edible food from 
the FSC to mitigate waste, but research regarding the solicitation of web-based tools 
utilized within FROs is limited. Food rescue applications such as MealConnect enable 
donors to connect to FROs directly which necessitates an understanding of inventory 
capacity and stock levels. Work management platforms such as Smartsheet are used to 
track inventory and manage waste for FROs, but the financial constraint is not suitable 
for small-scale organizations. This project applies a systems-based approach to iden- 
tify the activities of a local FRO and to create an inventory management tool that is 
easy to use and affordable. The tool will increase data transparency and complement 
the physical inventory management strategy used at the facility. Food waste solutions 
and FSC stakeholder claims identified through the literature review will supplement 
the tool requirements outlined by the FRO. This assessment facilitates defining local 
stakeholders, understanding how food waste is measured, and identifying relevant tool 
capabilities. Feedback from the FRO will validate the tool’s features and the dynamic 
visualization of information. Limitations and potential improvement opportunities are 
described before conclusions are made. 


2 Review of Sustainable Solutions for Food Waste 


Linear consumption follows the ‘take-make-dispose’ model where resources are har- 
vested or extracted to produce, manufacture, and distribute goods [5]. Businesses are 
observing higher resource prices, increased resource volatility and additional disrup- 
tions to supply chain operations. In terms of the industrial economy, circularity refers 
to an economy that is restorative or regenerative by design [5]. Food recovery presents 
an opportunity to improve circular economy (CE) practices by diverting waste from 
disposal channels to provide meals and surplus food items to those in need. The concept 
of CE requires the application of sustainable practices and innovation to remain viable 
over time [6]. 

In the Post-2015 Development Agenda, the UN adopted 17 Sustainable Development 
Goals (SDGs) as a global development framework [7]. SDG 12.3 aims to promote 
sustainable consumption by reducing food loss and food waste by 50 percent. A food 
waste index has been proposed by the UN, enabling institutions to accurately measure 
food waste [1]. Sustainable consumption is a challenge to the conventional form of 
consumerism that requires new solutions. Sharing economy solutions place providers 
in direct contact with consumers and eliminates the social stigma of food sharing [8]. 
Sharing economy solutions such as food recovery are enabled by transparency and 
routine practice. The food waste index can be used to establish best practices in measuring 
food recovery and food distribution for FROs. 
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Technological tools can improve FSC operations by increasing the accuracy of mea- 
suring material input, production output and waste generated [9]. Digital information 
sharing can integrate food waste management strategies across all stages of the FSC to 
collect, redistribute, and process food waste sustainably (see Fig. 1). Utilizing a systems- 
based approach for tool development will detail the methodology and research applied 
in the process. Additionally, the objectives and strategies to promote effective response 
are identified using a systems-based approach [10]. 


Manufacturer 
Crop Tier 2 Tier 1 _ Vendor/ Consumer Post 
Producer Supplier Supplier h Retailer consumer 


Food Supply a 
Chains ~ = 
EFES 


Food Waste 
Management Collection, (Re}Distribution and Processing of Food Waste 
Systems 


Fig. 1. Integrated Framework for Food Waste Prevention and Management [9] 


3 Systems-Based Approach for Tool Development 


The building block principle of systems modeling describes a model as consisting of 
one problem, or equation, and the dynamic forms in which that problem can be realized 
[11]. Simple systems contain one module and complex system models contain one or 
more module groups. This project uses a set of simple system models that represent the 
activities of a local FRO. The stakeholder diagram described in this section is used to 
determine the route of edible food waste and define influential stakeholders outside of 
the focal FRO. This diagram can be used to determine where any organization fits into 
the food waste recovery supply chain. The causal loop diagram discussed in this section 
identifies the internal operations and relationships in the focal FRO. These relationships 
are carried over into a stock and flow diagram to determine the key components used to 
measure food waste recovery. 


Defining Local Stakeholders. Local food waste stakeholders (see Fig. 2) represent 
active participants in the FSC that directly relate to the focal FRO studied in this project. 
Food Waste Sources are organizations that produce both edible and inedible food waste. 
Food Recovery stakeholders recover food fit for human consumption and redistribute 
that food to feed people. Receiving Groups are the organizations that accept recovered 
food from Food Recovery stakeholders. Disposal Channels are the pathways for food 
waste. Finally, food recovery groups work to divert edible food from these disposal 
channels. 


Campus Kitchen and its Stakeholders. Campus Kitchen (CK) at the University of 
Kentucky is a nonprofit student run FRO dedicated to reducing food waste and food 
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insecurity through action and awareness. In 2019 an estimated 126,350 surplus food tons 
were wasted in Kentucky due in part to food safety regulations that require immediate 
rescue response time [13]. Institutional FROs such as CK can act quickly to receive 
and distribute this surplus food while following the necessary food safety regulations. 
There are three key activities for CK volunteers — food recovery, meal preparation, and 
delivery. The CK program director has described volunteer roles and responsibilities 
that will be considered during tool development. Implementing new technology and a 
new process to capture inventory data was not feasible due to the additional training 
required and volunteer turnover. Shift leaders utilize a web-based survey to record the 
activities completed during their shift. An opportunity exists to automate the analysis 
process and provide side by side information on different inventory types. Automated 
inventory management systems allow organizations to save significant cost in terms of 
physical inventory counts, administrative errors, inventory tracking, and stock shortages 
[12]. 


126,350 Surplus Food Tons* 


Food Waste Sources Food Recovery Receiving Groups Disposal Channels 
| el Public Waste 
Retail & Grocery | Management _ 
j j 
i Landfill | 
A 
Restaurants = 
Organization Waste | 
Management | 
Local Markets & Food Rescue eee] | 
3 Recycli 
eaer Foundations composing 
Institutional v | 
“on ut me Institutional Landfill 
|Rescue Programs E] 


Recevng Groups > Disposal Chanel 


* Surplus food tons for the state of Kentucky. Data from ReFED's Insight Engine 


Fig. 2. Local Food Waste Stakeholders 


Causal Loop Diagram Construction. With stakeholder relationships defined, the next 
step is constructing a causal loop diagram (CLD) to identify the critical path of CK 
operations. A CLD aids in visualizing how variables in a dynamically complex system 
are interrelated [14]. CLDs are structured by words and arrows to create a simple yet 
expressive representation of the relationships and feedback loops in a system (see Fig. 3). 
Words depicted on the CLD are variables that have value, which change over time. The 
arrows represent a positive or negative relationship between two variables. Multiple 
iterations of CLD construction were completed to identify a closed system boundary 
where the tool can measure key performance indicators [10]. 


Designing the Stock and Flow Diagram. A stock and flow diagram differentiates the 
parts of a system using variable definitions from the CLD. Business and inventory man- 
agement use stocks and flows to describe the quantities in a system. A stock is the value 
of an asset at a particular point in time [14]. In Fig. 4 the amount of food accepted is 
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Fig. 3. Causal Loop Diagram of CK operations 


the stock for CK. Flow variables are measured over an interval of time and describe the 
rate of change of a stock. The food distribution rate (see Fig. 4) describes the amount 
of accepted food that is leaving the system when meals are made. The food recovery 
rate refers to the amount of recoverable food that is accepted over time. The clouds in 
the diagram represent the sources and sinks of the process flow which are not directly 
measured in the system and do not impose limitations on the system. 


A stock list will measure the level of inventory inputs and outputs [15]. The web- 
based survey completed at the end of each shift in CK captures the stock list data. Stock 
input is measured by the weight of food recovered. The weight of delivered food and 
food compost measure the stock output. Ingredients removed from stock for cooking are 
not included in the survey. This measurement method leaves a gap of information for 
food in the cooking process. 
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Fig. 4. Stock and Flow Diagram of CK Operations 


4 Methodology for Tool Development and Testing 


At the end of each semester, the executive team at CK is responsible for recording and 
analyzing food recovery and distribution data, currently done manually. The semester 
report includes four sections — food recovery, food distribution, social engagement and 
environmental impact. Using the tool developed will automate this reporting process and 
provide real-time data measured by semester, month, and day. This section describes the 
methodology used to automate the data analysis process. 
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Determining Tool Capabilities. Tool design will incorporate ad-hoc management 
practices. Ad-hoc management provides key criteria information based on what the 
organization’s stakeholders deem necessary [16]. The tool will provide flexibility and 
clarity in the decision-making process by separating data by two concerns — inventory 
tracking and impact reporting. Advocates of ad-hoc views maintain that the separation 
of concern reduces the confusion caused by displaying all information in one view [16]. 
The dynamic inventory displays will consist of a monthly, daily, and location report. The 
impact report is a separate aspect view containing the financial, social, and environmental 
data to be used for the end of semester/semi-annual reporting. 


Platform-Based Design. Internal stakeholder experience with existing technology was 
the main determinant for the tool platform. The survey data is imported to Power Query 
in Microsoft Excel to clean up the data and apply simple mathematical operations where 
needed. The data transformation process includes removing columns that do not contain 
inventory information and renaming columns to signify the impact to inventory (i.e., 
grains recovered, meals delivered, and vegetables composted). The data is loaded to 
Excel where pivot tables are used to aggregate information and quantify inventory assets. 


Verifying and Validating Tool Specifications. Industrial practices are increasingly 
reliant upon technological tools to enhance decision making. Data and visual accu- 
racy are important to developers, users, and decision-makers. Verification and validation 
are used to determine whether a tool is correct [17]. Verification checks that a tool meets 
the design specifications. During development the tool was verified by loading small 
sets of survey responses to the tool and comparing those results to hand calculations. 
This process can be used for post-development verification. Validation confirms that the 
tool specifications meet the needs of the executive team and CK volunteers. Users of the 
tool were heavily involved in the development process and a final review of the tool will 
validate that the requirements have been met. 


Results. The tool contains four displays as shown in Table 1. Each display contains pivot 
tables and charts to summarize survey responses based on concern. Inventory input and 
output data is contained in each report based on three levels of granularity — monthly, 
daily, and semi-annually/by semester. The timeframe for the data report is selected by 
the user. Additionally, the impact report contains the environmental and social influence 
of CK operations. 
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Table 1. Dynamic Displays in the Inventory Tool 


Dynamic Display | Concern 


Monthly Report Overview of food recovery and meal delivery inventory constructed for 
the Director to compare monthly performance. (see Fig. 5) 


Daily Report Verification of daily recovery inputs and delivery/waste outputs for the 
purpose of inventory tracking and process improvement. (see Fig. 6) 


Impact Report Determines the financial, environmental, and social influence of food 
recovery and distribution by semester/semi-annually (see Fig. 7) 


Location Report Improves communication between internal and external stakeholders by 
aggregating monthly recovery and meal delivery data by location 
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Fig. 5. Inventory Tool Monthly Report 
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Fig. 6. Inventory Tool Daily Report 
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Fig. 7. Inventory Tool Impact Report 


5 Conclusions and Future Work 


The food waste problem is a complex issue that must be addressed using comprehensive 
strategies to understand the dynamic relationships impacting the FSC. Facilitating FROs 
reduces the amount of food wasted by diverting edible food from disposal channels and 
redistributing that food to people. Food recovery does not address the overabundance 
of food produced and served, but it promotes a circular economy by eliminating waste. 
Understanding the problem and enabling sustainable consumption requires recognition 
of the multidisciplinary nature of the FSC as a system. Food waste research regarding 
FROs is spread across the entire food supply chain and is often generalized as an act of 
good will. Current web-based tools and smart phone applications have a high potential 
for expanding food rescue measures, but a scalable application that addresses all FRO 
activities requires further investigation. This project aims to contribute to food waste 
management research through the scope of an FRO inventory management system and 
encourage further academic research regarding scalable low-cost strategies that increase 
the intervention FROs have on food waste. 

The systems-based approach used to develop this tool adapts traditional inventory 
management techniques to fit within the constraints of a charitable FRO. The tool features 
metrics defined by food waste stakeholders to quantify the economic, environmental, 
and social assets of the organization. The results of this tool provide an automated view 
of inventory activity with generalized sustainability indicators. Potential improvements 
to the tool include—modeling the relationship between volunteer activity and inventory 
data, applying a greenhouse gas index to increase environmental impact reporting, and 
tracking the food category types to determine where food processing activities could 
extend shelf life or increase nutritional value. 
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Abstract. This paper focuses on process chains for power train components of 
passenger cars and heavy duty vehicles. In the project “Powertrain 2025” particu- 
lar attention is being paid to increase the resource efficiency of the manufacturing 
process chains and reduce energy demand during service life. In detail cylinder 
liners are equipped with an adapted geometry and topography which reduces fric- 
tion losses. Process chains for chassis components are investigated and optimized 
in order to increase the resource efficiency during manufacturing, service life and 
maintenance. In addition, process chains for the manufacturing of drive shafts 
are adjusted. By eliminating hard machining, energy is saved and friction losses 
are reduced by laser machining of microstructures. Furthermore, micro dimples 
are applied in vane pumps, which leads to a tribological improvement and thus 
enhances their friction behaviour. Moreover, a system architecture for process 
planning is developed and ecologically optimized process parameters are calcu- 
lated. For a final consideration, a calculation software is developed which enables 
to calculate the main energy consumption of the manufacturing processes and the 
carbon footprint for the expected service life. A weight reduction of the powertrain 
components of 4.5 kg per vehicle and a potential annual energy saving of 13,073 
MWh is obtained. 


Keywords: Resource Efficiency - Automotive Industry - Process Chains 


1 Introduction 


Particularly in the automotive industry, process chains for manufacturing motor vehicles 
are highly complex. Furthermore, the individual processing steps are energy-intensive. 
Against the background of global warming, this process chains have the potential to 
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increase resource efficiency in the manufacturing phase of powertrain components. In 
addition, the use phase is also essential for the overall energy requirements of vehicle 
components. Within the scope of the project, the cumulative energy demand (CED) 
[1] was used to calculate the energy saving potentials. Here, the component weight and 
energy losses (e.g. due to friction) in particular have an impact on the energy requirement. 
By using innovative manufacturing processes, new types of process chains for resource- 
efficient production and an energy-optimized use phase for powertrain components can 
be established. This enables significant CO2 savings in the automotive industry. The 
investigated components include cylinder liners, chassis components, drive shafts and 
vane pumps. In addition, a method for continuous ecological evaluation as well as energy- 
and resource-oriented control of production is provided. Finally, a digital demonstrator is 
implemented in order to collect and visualize the gained knowledge for the investigated 
processes. 


2 Resource-Efficient Process Chains 


2.1 Tribologically Optimized Cylinder Liner 


Despite the increasing share of electric drives in passenger and freight transport, in 
certain fields the combustion engine still has to be used for the next years. In particular, 
this is the case for heavy-duty engines (e.g. shipping, mining or railroad transport). For 
the energetic optimization of cylinder liners, versatile approaches have been pursued 
in the past to produce an adapted geometry or topography. Examples are mold honing, 
coatings or microstructures. 

Previous research work realized a reduced friction by form honing and microstruc- 
turing [2, 3]. However, shape honing is energy- and resource-intensive and microstruc- 
turing could not yet be integrated into a process chain. Therefore, the replacement of 
form honing by dry non-circular turning is investigated. Furthermore, the integration of 
microstructuring into the process chain is investigated and a new process chain contain- 
ing the two processes is set up and shown in Fig. 1. This allows the energetic optimization 
of cylinder liners and their manufacturing chain. 
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Fig. 1. Process chain variation for the integration of non-circular turning and microstructuring 
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The approach contains a piezoactuated hybrid tool for non-circular turning and 
microstructuring. A Non-circularly machined cylinder liner with applied micro dimples 
is shown in Fig. 2. 


stroke direction 
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workpiece: micro dimple surface share: free form geometry: 
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length: 240 mm Sch/108045 IFW 


Fig. 2. Non-circularly machined cylinder liner with applied micro dimples 


The cylinder liner is examined in an engine test rig. The operating range covers 
a cylinder pressure pmi = —2-16 bar and rotational speed of n = 600-1,600 min7!. 
The combination of non-circular turning and microstructuring can reduce friction by 
a maximum of 17%. However, the same maximum friction saving is also achieved by 
non-circular turning without micro dimples. But, there is a difference in the average over 
the test’s operating range. The average amounts to -9% (non-circular, no micro dimples) 
and -12% (non-circular, micro dimples). This difference shows that the mode of action 
of micro-lubrication pockets depends on the load point. 


2.2 Process Chains for the Manufacturing of Chassis Components 


In the context of large-scale production, laser structuring and automated repair welding 
of casting molds are being investigated as approaches for further increasing the resource 
efficiency of process chains. By introducing laser structures into the casting molds, 
chassis components can be manufactured with smaller wall thicknesses and up to 10% 
less weight [4, 5]. Thus, less energy is required to manufacture the components and a 
lower weight results in lower CO2 emissions during the use phase. The energy saving 
potentials for production and during the service life are determined on the basis of a 
reference component and its process chain. The insertion of structures into casting molds 
by means of laser structuring is being researched in order to optimize the application 
behavior of molds in automotive engineering. To evaluate the influence of the textures 
on the flow properties of the melt, mold inserts were laser-textured and flow path length 
casting tests were carried out. The textured patterns carbon and sharkskin were produced. 
The results are shown in Fig. 3. The laser structuring results in a significant increase in 
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flow path length compared to unstructured reference molds. For the selected test setup, 
the flow path length increases by 39.3% for the carbon structure and 44.4% for the 
sharkskin structure. The significant increase in flow length makes it possible to reduce 
casting restrictions. As a result, the component weight of the considered subframes can 
be reduced by up to 10%. This leads to energy savings both in the operation of the 
component and in the manufacturing phase. The energy savings potential per year for a 
fleet of 130,000 vehicles is therefore 3,688 MWh. The savings potential can be scaled 
by the number of castings produced and the number of molds. This means that there is 
great potential for savings, which will have to be tapped in the future. 
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Fig. 3. Effect of Laser structuring on the melt flow behavior in casting molds 


An automated repair welding and finishing process of the molds offers considerable 
optimization potentials, e.g. related to the service life of the molds [6]. This reduces the 
repair costs of the molds and their wear behavior is optimized by targeted mechanical 
machining. A longer service life of the molds and thus an increase in resource efficiency 
is the result. The ensuing energy saving potentials are determined and presented on the 
basis of a case study. With the aid of an automated repair process for casting molds for 
a hinge bearing, consisting of milling, repair welding and fine machining in a single 
clamping set up it is possible to plan repairs with reproducible quality and to extend 
the service life of the casting molds. Automated repair welding of the casting molds is 
predicted to have the potential to increase service life by 20%. Taking into account the 
number of units produced for a hinge bearing and the lifetime gain due to repair welding, 
a forecast energy saving of up to 362.9 MWh is expected. 


2.3 Process Chain for the Production of Energy Efficient Drive Shafts 


Despite the steady advance of e-mobility, drive shafts are still an essential part of the 
powertrain. Nevertheless, the e-mobility is redefining the requirements for these compo- 
nents. For instance lightweight construction concepts are increasingly being used for all 
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vehicle components in order to increase the range per charging cycle. For this purpose, a 
new, primary cutting process chain was defined for the production of shafts and is shown 
in Fig. 4. The new shaft is a three-part welding hollow component with different material 
thicknesses. This results in a weight reduction of up to 17% compared to conventional 
formed lightweight shafts. The weight compared to solid shafts is reduced up to 55% 
with similar energy consumption in production. A total of up to 2.5 kg can be saved per 
vehicle. Due to the lower material requirements, the total energy demand can be further 
reduced. 
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Fig. 4. New process chain for the three-part welded lightweight shaft 


The efficiency of electrically powered vehicles is essential for increasing their range. 
For this purpose, the use of microstructures in joint housing was investigated. The struc- 
ture geometry and arrangement was determined by simulation and validated in a swivel 
bearing test rig. The structural arrangement with 79% reduced friction torque was then 
moved into the ball raceways of fixed joints housing by means of laser ablation. After- 
wards, the structured components were examined on a drive shaft test bench. Within 
the WLTP test, a reduction in power loss of up to 20% could be determined for ‘run-in’ 
components. The subsequent endurance tests showed no increased wear of the structured 
components compared to the series components. 

In addition to the energetic consideration of the use phase, the process chains of the 
drive shaft components were also adjusted and evaluated. An important approach is the 
elimination of hard machining for the ball hub and joint housing. With a milling process 
adapted to residual stresses and an inductive hardening strategy designed to minimize 
the distortion, dimensional deviations can be predicted and compensated during soft 
machining. The distortion compensation of the ball tracks is shown in Fig. 5. 

The shortened process chain requires 12% less energy to manufacture a joint housing 
and 20% less energy to manufacture a ball hub. Fluctuations within the process chain 
are counteracted by an automated cascade control. The optimization of the drive shaft 
achieved in this way offers the potential, based on the annual production figures and 
mileage of the vehicles of the Volkswagen Group, to save about 3,200 MWh of energy 
per year in production and about 2,000,000 t of CO2 in the use phase. 


2.4 Tribologically Adapted Vane Pump 


The vane pump is required to provide the gear box with pressurized hydraulic oil. As 
it is operated at the engine’s rotational speed, the boundary conditions are demanding. 
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Fig. 5. Distortion compensation of the ball tracks using the example of the ball hub 


The moving components inside the pump are subject to high pressures of up to Pmax = 
22 bar, rotational speed of up to Npump = 9,000 min~! and temperatures of up to 0 = 
70 °C [7]. One of the major losses in vane pumps is friction between the vanes and the 
inner cam ring. This tribological contact zone is aimed to be improved by the application 
of micro dimples. These are generated using an embossing process with a biaxial rolling 
embossing kinematic. Therefore, cemented carbide shafts were microstructured on the 
shell surface by grinding. The manufactured tool is shown in Fig. 6. As these negative 
micro dimples are on the outside of the cylindrical tool, a good accessibility is given. 
The tool is used to generate micro dimples on the inner surface of the cam ring. 


tool: tool material: tool micro geometry manufacturing: 
diametre dwz = 12 mm cermented carbide grinding, grit-blasting 
length Iwz = 100 mm Co-share: 10 % Sch/99247 © IFW 


Fig. 6. Tool microgeometry for rolling embossing 
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Micro dimples with a width of w; = 30 um and a depth of dj = 15 um have 
successfully been manufactured on the inner ring of a ball bearing. Due to the workpiece’s 
and tool’s elastic behaviour the micro dimples are smaller than the size of the embossing 
element, which has to be taken into account in the process. As a next step the adapted 
vane pumps are tested on a vane pump test rig. Here, the flow rate, the temperature and 
flow losses will be evaluated in comparison to vane pumps without micro dimples. 


2.5 Energy-Efficient Production Planning 


An additional savings potential, is offered by energy-efficient production planning. 
By optimizing the production system with regard to the target variable energy (e.g. 
kWh/part), it is possible to calculate ecological process parameters, which were able to 
demonstrate a further savings effect. Based on previous approaches to the ecological 
evaluation of machining processes, an approach was developed that enables the ecolog- 
ical evaluation and optimization of process chains [8]. For this purpose, the productivity 
of process chains must be taken into account. In line with the overall equipment effec- 
tiveness (OEE) [9], the productivity is assessed based on quality and capacity utilization. 
The scrap rate (SR) is selected as KPI for quality, the capacity utilization is assessed on 
the basis of idle times (Er), like production downtimes. The combination of productivity 
and CED as well as the consideration of a number m of produced products results in the 
following indicator CEDppc. 


CEDppc = (a + SR)EM | (UL, CED; j + EL iEniy)) (1) 


1 
m 

As part of the evaluation of the developed procedure, a tool for the ecological assess- 
ment and optimization of process chains was developed and implemented as a prototype 
in a real process chain of an axle journal. Based on online machine data (e.g. feed 
rate, spindle speed) and manual inputs (e.g. cycle time, roughness requirement), an eco- 
logical evaluation of the process is possible. After calculating the component’s energy 
footprint and optimizing the process parameters, extensive information regarding actual 
and target data (e.g. including engagement conditions, process time, energy require- 
ments) is stored in a component-related ecological database of the production system. 
The calculation of the energy shares is done according to [8]. With the application of 
the developed procedure, an additional saving of 8% could be achieved for through the 
energy-efficient planning of process chains. Figure 7 shows the energy savings achieved 
and the corresponding process parameters. 


2.6 Digital Demonstrator 


For final consideration and visualization of the knowledge gained and occurred advan- 
tages of the components, a digital demonstrator was created. Thereby, the efficiencies of 
the powertrain and the energy, which must be expend for production, were processed and 
displayed graphically. The savings of the developed components during the lifetime were 
worked out and used for a comprehensive consideration over the period. Comprehensive 
analyzes were conducted and provided for the consideration of energy consumption. In 
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Fig. 7. Presentation of the test results for hard machining of the axle journal on the CTV 250 DF 


addition, for the demonstrator a calculation of the CO2 savings was implemented. The 
demonstrator was developed with MATLAB, since large data collections can be handled 
mathematically and a conversion to a stand-alone application can be realized. The MAT- 
LAB App Designer software is used to graphically process the results. The user has the 
opportunity to view the individual components in detail and to see the individual energy 
consumption from production. It is also possible to adjust the data sets and analyze the 
effects on the overall energy consumption. The boundary conditions of the expected 
service life can be adjusted. With the demonstrator, a tool was developed with which an 
overall view of the project and future technical innovations can be shown. 


3 Conclusion 


In this paper process chains for machining and manufacturing cylinder liners, casting 
molds, drive shafts and vane pumps were investigated and optimized. A method for 
energy-efficient production planning and a virtual demonstrator for visualization and 
output of the results were developed. These enable the process chains to be planned, 
controlled and monitored in terms of resource efficiency. In the project “Powertrain 2025 
- Energy-efficient process chains for the production of a friction-, weight- and service 
life-optimized powertrain”, funded by the Federal Ministry for Economic Affairs and 
Climate Action, significant energy-saving potential was identified both in the production 
phase and in the service life phase of powertrain components. The research results and 
measures presented resulted in a weight reduction of the powertrain components of 
4.5 kg per vehicle and a potential annual energy saving of 13,073 MWh. 

With the method for energy-efficient production planning and the digital demon- 
strator, it is possible to evaluate and optimize the energy and resource efficiency of the 
process chains. This approach can be transferred and applied to further process chains. 
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Abstract. Global population growth and increasing resource scarcity are neces- 
sitating sustainable manufacturing and circular economy (CE) practices. These 
practices require the decisions made at each product life cycle (PLC) stage con- 
sider sustainability and circularity implications. We propose PLC system level 
optimization to identify the most favorable choices, instead of siloed individual 
PLC stage-specific optimizations. This should yield better circularity by permitting 
manufacturers to take a more holistic view and identify the areas of highest impact 
across the PLC. This paper presents initial work towards building a PLC system 
optimization framework. From an initial review of current circularity metrics, we 
identify metrics that are suitable for forming the optimization objectives. Second, 
we identify decision variables available to manufacturers across the PLC that are 
useful in optimizing the entire system’s circularity and sustainability. Finally, we 
identify limitations of current metrics, and discuss major challenges and potential 
solutions to PLC system optimization problems. 


Keywords: Circular economy - Sustainable manufacturing - Optimization - 
Metrics - Product life cycle 


1 Introduction 


Traditional manufacturing exploits economies of scale to mass-produce commodities and 
meet growing global demands to improve human quality of life. Ironically, the result 
has been economic considerations take priority over environmental and social ones, thus 
degrading the environment and compromising quality of life [1]. Alternatively, sustain- 
able development and circular economy (CE) are introduced to enabled the triple bottom 
line (TBL) thinking—the balance between economic, environmental, and social factors 
that accounts for temporal and spatial parameters [2]. CE more specifically focuses on 
decoupling economic growth from virgin resource consumption [2]. 

A system is a collection of elements that work together towards a goal. A CE system 
orchestrates a variety of stakeholders (incl. manufacturers) that use and manage resources 
and manufacture products. A product life cycle (PLC)-wide [3] CE system is a system 
viewpoint intended to encompass circularity and sustainability concerns over the PLC 
stages of pre-manufacturing, manufacturing, use, and post-use. In this work, we focus on 
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identifying the properties and metrics that make it possible to optimize from this more 
encompassing viewpoint. 

This paper makes two main contributions. First, it provides an initial review of current 
circularity metrics and identifies metrics for comprehensive PLC evaluation. Equitable 
quantitative metrics are critical to form objectives of the proposed PLC CE system 
optimization. Second, we identify potential decision variables available to manufacturers 
throughout the PLC that help enhance and optimize the circularity and sustainability of 
entire PLC. Rather than the current siloed approach of optimizing several elements of 
each PLC stage separately, a PLC system optimization can improve circularity by first 
focusing on high impact areas [4]. 


2 Background 


The literature presented below proposes metrics for measuring circularity at different 
stages of the PLC. We considered both recent literature on CE and prior work on sustain- 
able manufacturing. In a recent paper which reviews 114 definitions for CE, Kirchherr 
et al. [5] raised two major points: 1) only a few definitions address the totality of the 
TBL and 2) operational level subdivisions are useful for addressing CE. TBL is a foun- 
dational tenant of sustainable manufacturing [2]. Yet, several studies flag that TBL is 
inadequately addressed in CE [5, 6]. While Linder et al. [7] argued circularity should 
focus exclusively on resource circulation, since higher circularity does not mean better 
sustainability [8], others recommend [5, 6, 8] complementing circularity with TBL to 
ensure that sustainability—the goal of CE—is achieved. 

Saidani et al. [9] in one of the very few publications on product circularity opti- 
mization highlighted the importance of considering both circularity and sustainability 
metrics, especially during product design, to reveal possible trade-offs. Given this lack 
of literature on optimizing the PLC for circularity, we review closely relevant litera- 
ture discussing sustainability optimization at different PLC stages (Sect. 2.1) and the 
evaluation of circularity in the product context using metrics (Sect. 2.2). Section 3 dis- 
cusses the integration of decision variables identified in sustainability optimizations with 
circularity metrics to form PLC system optimizations for CE. 


2.1 Current Literature on Optimization for Manufacturing CE 


This review summarizes noteworthy literature on PLC activities with a manufacturing- 
centric point-of-view as described in [2]. Pre-manufacturing stage is broken down to 
design and acquire material; manufacturing stage is narrowed to production; and post- 
use stage focuses on recovery for circularity. Acquire material and recovery are con- 
sidered together for their close relationships in CE. While important, use is beyond the 
scope of this paper’s manufacturing-centric view. 


Design: Product design disproportionately influences a majority of a product’s envi- 
ronmental impact and is crucial in a CE [2]. Design for sustainability (DfS) considers 
environmental impact during design and is the precursor to design for CE. In a recent 
study Hapuwatte et al. introduced a metrics-based CE product design evaluation frame- 
work [2] consisting of 90+ metrics, to be parametrically modeled. Others explored DfS 
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optimization to identify metric models and constraints relevant to CE. For example, 
Hapuwatte et al. [10] optimized the sustainability performance of multi-generational 
products by using design configuration choices based on TBL objectives: minimize 
greenhouse gas (GHG) emissions, maximize profit, and maximize product functional- 
ity. Other studies optimized product design by considering trade-offs between life cycle 
cost and environmental impact [11] and disassemblability [12]. These models are useful 
for establishing CE metrics linked to other PLC stages. 


Acquire Materials and End-of-use (EoU) Recovery: Optimization can be extremely use- 
ful for balancing TBL trade-offs [4]. Most work focuses on economic and environmental 
dimensions. Material acquisition and recovery must be planned considering the range of 
recovery options—reuse, remanufacturing, recycling, energy recovery, and landfilling 
[3]. For example, Jiang et al.’s optimization models minimize the environmental impact 
of remanufacturing [13]. Other studies have explored optimizing disassembly lines from 
the point of view of profit, disassembly time, and energy consumption [14, 15]. Mathur 
et al. [16] used a hybrid optimization approach to balance economic and environmental 
metrics in the context of EoU photovoltaics. These studies flag a lack of standardized 
methods for determining 1) the ease of EoU material recovery and 2) the suitability 
of recovered EoU materials as feedstock. Therefore, metrics on topics such as product 
disassemblability and modularity, and material composition and quality are needed. 


Production: Many production management decisions that tend to have large environ- 
mental impact (e.g., manufacturing processes, materials used) now increasingly take into 
account the sustainability impacts [2]. To balance competing interests, several studies 
presented the use of optimization models. Atabaki et al. [17] discussed production opti- 
mization for CE by considering the decision variables supplier and location selection, 
transportation mode, assembly methods, and recovery decisions and the objectives cost, 
GHG emissions, and energy consumption. Others modeled manufacturing process and 
process-condition selection by considering cost, GHG emissions, and energy use [18]. 
In production planning for CE, Hapuwatte and Jawahir called for considering the entire 
PLC to avoid TBL burden shifting to other PLC stages [2]. Metrics for production and 
manufacturing processes are often dependent on the particulars of the individual pro- 
cesses. Work from NIST [19] defined a procedure for selecting process-specific metrics 
for improving sustainable performance. 

In addition to the metrics themselves, it is important to consider the types of classi- 
fications available for manufacturing-focused circularity metrics. Recently, Boyer et al. 
[20] discussed the importance of evaluating the product level circularity in three dimen- 
sions: recirculation (composition of secondary material), utilization (intensity of prod- 
uct usage), and endurance (product’s ability to retain its value over time). In another 
comprehensive review [21] discussing CE and its quantification using circularity met- 
rics, Parchomenko presented three major circularity-metrics clusters similar to Boyer 
et al.’s dimensions. The main difference is that Parchomenko combined utilization and 
endurance in a product-centric cluster and included a separate material and stock flows 
cluster. Their analysis also identified metrics that combine multiple clusters (e.g., Mate- 
rial Circularity Indicator). We use Boyer et al.’s dimensions for our discussion in Sect. 3.2 
because it covers the entire PLC and provides more distinct categorization. Metrics cap- 
turing recirculation dimensions are important. In fact, most circularity metrics focuses 
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Fig. 1. PLC System Optimization 


on this inherent circularity (i.e., recirculation of resources) rather than its TBL conse- 
quences [9]. Therefore, in parallel to these metrics, it is essential to consider the metrics 
that address the TBL impacts. 


3 PLC System Optimization in a CE 


PLC system optimization for a CE requires two components: a framework for performing 
the optimization and quantitative data for representing the system. 

To effectively optimize a PLC system, one needs to identify and quantify the deci- 
sion variables, constraints, and objectives. We do so from the manufacturer’s perspec- 
tive. Concerns of other stakeholders (e.g., customers, society) are integrated through 
constraints on the optimization problem. Figure | illustrates the basic steps for building 
a systems optimization framework. Table | identifies the major types of manufactur- 
ing decisions at each PLC stage. These can be used to determine decision variables in 
the PLC-system optimization. The decision types were identified from the literature on 
manufacturing-focused optimizations in Sect. 2.1. 

Since this optimization requires quantitative measurements of the PLC system, the 
circularity metrics can form that basis. Circularity metrics can be drawn from recent 
reviews in Sect. 2 and classified. Table 2 summarizes several metrics that are more 
prominently used in literature; they also represent all three of Boyer et al.’s [20] circu- 
larity dimensions (recirculation, utilization, and endurance). As depicted in Fig. 1, an 
interactive process is used to identify metrics and form objectives for a multi-objective 
optimization. Table 2 details how extensively the metrics cover each PLC stage, as is 
needed to ensure a comprehensive evaluation. Table 2 lists the sub-elements of each met- 
ric considered at PLC-level. The analysis uncovers some models necessary to relate the 
manufacturing decisions in Table | with the associated optimization objectives. Figure 2 
illustrates the complex set of such models, using two metrics as examples. While these 
models need to be developed (or extended from current TBL optimization work) and 
validated, understanding the possibilities will help with building a PLC-level optimiza- 
tion framework. A Fig. 2-like diagram is useful for determining a set of metrics-based 
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Table 1. Decision variables for manufacturers at different PLC activity 


PLC activity Decision Types Examples of Decisions 


Design Design decisions Product features (dimensions, mass), 
Modularity, Design config., 
Disassemblability, Sustainability 


Acquire materials and EOU | Material sourcing dec Material composition/quality, 
recovery Collection incentives & ratio, 
Recyclable/Reused/Remanufactured 
content 


Material efficiency dec | Recycling efficiency 


Production Process decisions Process-type selection, Process 
conditions 
Production decisions Supplier/production location, 


Scheduling, Logistics 


Use Utility decisions Product lifetime/reliability, 
Functionality/efficiency 


Service decisions Maintenance/servicing, 
Product-service model 


objectives to find optimal decisions at all levels. Considering the entire PLC as a system 
allows the manufacturer to examine alternative decisions and identify the best option. 
For example, conventionally to improve the manufacturing circularity of a plastic con- 
tainer, the manufacturing process parameters may be tried to optimize limiting scrap 
or improving efficiency. With a system view, optimization can consider product design 
changes necessary to improve material use as well allow altering material composition 
to higher recycled content. 

A considerable number of sub-elements in Table 2 focus on the recirculation dimen- 
sion. Likewise, the metrics in Table | are heavily weighted toward decisions in material 
acquisition/EoU recovery and design (decisions that influence material options) and 
highlight the concerns raised in prior publications [20, 21] that current research has an 
unbalanced view of circularity dimensions. Many constraints and deciding factors of 
the manufacturing decisions in Table | are based on TBL concerns and are predomi- 
nantly economic (i.e., cost) and environmental (i.e., regulation and value proposition), 
but rarely social factors. Given the importance of TBL for businesses, incorporating a 
broad coverage of TBL metrics when optimizing the PLC system is vital (see Sect. 2.1). 


3.1 Challenges and Potential Solutions 


While the feasibility of applying optimization to improve outcomes has been shown, 
several factors challenge such models’ robustness and suggest a need for standards 
and guidelines to enable the application of this technology. As Sect. 3.2 identified, 
modeling PLC decisions relies on many decision variables and constraints. Quantifying 
the outcomes of those decisions using metrics requires integration of multiple siloed 
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Table 2. Prominent quantitative circularity metrics and the sub-elements they use to consider for 
each PLC-stage activity 


Metric Design Acquire Production Use Sustainability 
materials/Recovery TBL 
Material e Product mass e Virgin feedstock e Recycling e Utility: (No direct 
Circularity (M) (V) efficiency of Product consideration; 
Indicator (MCI) e Feed recycling component lifetime (L) | other than material 
[22] efficiency (Ep) production (Ec) |° Utility: efficiency) 
e Unrecoverable ° Energy recovery Intensity of 
waste (W) efficiency (Ep) use (U) 
e Energy recovered 
(ER) 
Product-Level |e Indirectly: e Cost of all e Value added (Not Economic costs 
Circularity Number of material during considered) and values are 
Metric (PLCM) components e Cost of all production considered 
[7] components 
e EoU material & 
compon. Price 
e Remanufacturing 
cost 
Circularity e Indirectly e Material stocks & | (Not considered) (Not (No direct 
Index (CI) [23] informs the dissipative losses considered) consideration; 
availability and in recovery other than material 
feasibility of proces. (a) losses/degradation, 
secondary e Recovered energy intensity) 
feedstock material quality & 
energy 
requirements ($) 
Sustainability e Proportion of e Virgin feedstock e Unrecoverable e Number of e Considers 
Performance linear material (Vj) waste (Wj) times “Design for 
Indicators (SPI) | flow e Waste from ° Efficiency of product is Sustainability” 
[24] ¢ Product Mass production of recycling process reused (ki) framework 
(M) recycled feedstock (Ej) 
e Number of (Wy) 
components (n) | + Waste from recyc. 
Parts (Wcj) 
e Reusable 
component (M,,;) 
Ease of e Number of e Inefficiency rate * Component (Not e Considers 
disassembly product e Tool change time disassembly considered) “Ecodesign” 
metric (eDiM) manipulations e Identifying time sequence requirements 
[25] e Num. of e Manipulation time | * Connector 
connectors e Removing time disassembly 
. Identifiability sequence 
(qualitative) 


modeling approaches each with differing models, metrics, and data. Standardization 
of circularity metrics and measurement frameworks will enable integration as well as 


consistent evaluations [20]. 


Standardization will be necessary for comprehensibility and usability between PLC 
stages and the extended supply chain. Even within the metrics in Table 2, some similarly 
named parameters are defined differently. Most circularity and sustainability metrics 
identified above do not consider the dynamic nature of CE systems, focusing instead 
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Fig. 2. Relating the decision variables to the metrics (a partial list) 


on “snapshots in time” of a production. Certain metric sub-elements (e.g., virgin feed- 
Stock used, collection ratio) can significantly change over multiple productions. Thus, 
temporal variations are vital to PLC system optimization. A potential solution [26] had 
employed demand variation to model certain elements’ temporal changes and suggested 
use of metrics that consider the entire production timeline to overcome this challenge. 
In addition, data uncertainty is especially challenging given the number of parameters 
and sub-models involved in setting up PLC optimization problems. Prior CE production 
modeling [17] has illustrated techniques to cope with both randomness and epistemic 
uncertainty to build robust optimization models. Additionally, to capture these complex- 
ities of integrating multiple circularity metrics, others suggest the use of complex system 
sciences [8]. 


4 Conclusions 


A system viewpoint is necessary to make manufacturing decisions in a CE. Given the 
proliferation and conflicting nature of these decisions and their outcomes, multi-objective 
optimization is needed to identify optimal choices, considering the trade-offs. 

In this paper, we discussed the fundamental considerations for developing PLC 
system optimization techniques in a CE. We identify potential quantitative metrics that 
can be used to form the optimization-objectives. Most CE metrics focus on recirculation 
dimension of circularity and exhibit a general lack of consideration for TBL. Thus, the 
PLC system optimization must account for multiple objectives based on complementing 
metrics. We also present different types of manufacturing decisions across the PLC and 
analyze the relationship of the circularity metrics to those decisions. Several prior works 
provide potential solutions to overcome the challenges in model integration, accounting 
for the dynamic nature of CE, and data uncertainty in system optimization. 

While this work provides an essential first step in realizing PLC system optimiza- 
tion, more work is needed to develop models to relate the decision variables to metrics 
presented. Although modeling will be specific to each application, studying existing 
methods can lead to a more standard approach to building the necessary sub-models 
of PLC. Standardization will especially benefit integration of sub-models into a PLC 
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system-level model. Such a system-level optimization tool can provide crucial decision 
support for product designers and enable a more effective CE. 
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Abstract. A prerequisite to identify energy efficiency potentials and to improve 
energy efficiency is the measurement and analysis of the energy demand. How- 
ever, in industrial practice, approaches to identify energy efficiency measures of 
production machines are associated with high costs for metering equipment and 
time consuming analysis requiring expertise. Against this background, this paper 
describes a comprehensive and cost-efficient framework from acquisition to anal- 
ysis of energy data to serve as a starting point to increase energy efficiency in 
manufacturing. For this purpose, an energy transparency and analysis system is 
being developed that can measure, record and analyze electrical quantities. The 
validity of the data acquisition can be verified by utilizing a Raspberry Pi as a low- 
cost edge analyzer device. Measurement data is stored with associated metadata in 
a SQLite database for subsequent processing in a Python-based web application, 
in which machine learning algorithms can be deployed. The algorithms can be 
used to process vast amounts of data and to provide a basis for calculating energy 
performance indicators to reveal energy efficiency potentials. The overall work- 
flow is validated using a lathe and a cleaning machine within the ETA Research 
Factory at the Technical University of Darmstadt. 


Keywords: energy transparency - data acquisition - sustainable manufacturing 


1 Introduction 


Electricity consumption by the industrial sector accounted for 33% of total industrial 
energy consumption in the European Union in 2020 [1]. Moreover, companies are facing 
continuously rising electricity costs, forcing them to treat electric energy as a resource 
that must be strategically planned and managed. A prerequisite to identify energy effi- 
ciency potentials and to increase energy efficiency without compromising production 
targets is the measurement and analysis of the energy demand [2]. Methods to identify 
energy efficiency measures of production machines are associated with high costs for 
metering equipment and time consuming analysis requiring expertise [2, 3]. In indus- 
trial practice companies tend to underestimate the monetary potential of investments in 
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energy efficiency and therefore often lack energy measurements on machine and com- 
ponent level [4]. A further significant barrier for identifying a large number of energy 
efficiency measures are limited in-house skills for processing and using measurement 
data [5]. 

Various scientific approaches, ranging from simulations to analysis of measurement 
data and expert knowledge, allow the identification of possible energy efficiency mea- 
sures [6, 7]. Easy to applicate approaches are presented by [6, 8] and [9] but either do not 
offer sufficient accuracy or are limited to individual machine types such as machine tools. 
Furthermore, in existing approaches such as [6] and [3], data acquisition and analysis 
are performed separately in respect to time using systems that are independent of each 
other. As a result, time-consuming data export and data preparation from one system are 
required before data analysis can be applied on another system. Against this background, 
this paper presents a cost-efficient holistic framework to acquire and analyze energy data 
as an essential step in improving the energy efficiency of production machines. 

Following the introduction, Sect. 2 reviews the background, including production 
machines, as well as the measurement and analysis of electrical data. The overall frame- 
work is presented along with the energy transparency and analysis system (ETAS) in 
Sect. 3, followed by case studies on two machines in Sect. 4. Finally, Sect. 5 concludes 
this paper with the summary and outlook. 


Nomenclature 

ETAS energy transparency and analysis system 
I current 

L phase 

NPTF non-production time factor 

P active power 


RPi Raspberry Pi 
SD Secure Digital Memory Card 


U voltage 

p phase angle 
Indices 

N neutral 

tot total 


2 Background 


2.1 Production Machines 


In the context of this paper, the characterization of machine tools of [10] and [11] is 
extended to cover additional production machines. Based on this, production machines 
can be considered as an assembly of multiple electrical components that are required in 
their entirety to execute a specific production task [10, 11]. The energetic behavior of a 
production machine is therefore determined by the power consumption of its individual 
components and their interaction [10]. Thus, to identify energy efficiency potentials of 
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production machines, it is necessary to measure and analyze the energy input and its 
distribution among the individual components. 


2.2 Electricity Measurement 


By measuring voltage and current in three-phase and single-phase networks as a function 
of time, all other specific information can be derived mathematically [12]. In a general 
three-phase network with alternating current, the total active power, which is a significant 
parameter for the energetic evaluation of electric machines, is calculated by using the 
following equation. 


3 3 
Prot = Pos Ph = De UNnln COSGn (d) 


where @, is the phase angle between the voltage Un, and current J, for each phase [2]. 
The measurement of the voltage Unn must be performed by direct tapping to each phase 
Ln. The current is measured indirectly with the magnetic field around the conductor via 
current transformers. Thus, an electrical measurement is possible without interrupting 
the circuit. [13] 


2.3 Analysis of Electrical Energy Data 


To derive energy efficiency measures for machines and components, it is necessary to 
analyze measurement and meta data [3]. Analyzing electrical load profiles enables the 
allocation of the total energy demand to single components, workpieces, machining 
operations and energy states as well as estimating and forecasting the energy demand 
per time interval [3, 14]. Further applications include the detection of load fluctuations 
and the identification of deviations from a reference load profile [15]. Supervised and 
unsupervised machine learning algorithms can be applied for this purpose to avoid 
time-consuming analyses that require expertise [3, 14]. 


3 Framework 


3.1 Methodology 


Following the concept proposed in [6, 8] and [3] for the assessment of energy efficiency 
potentials of machine tools, the framework shown in Fig. | is presented for all production 
machines powered by electrical energy. The framework can be divided into the three main 
building blocks preparation, Raspberry Pi App (RPi App) and Web App. The preparation 
begins with the selection of electrical consumers for the measurement. Relevant energy 
consumers can be identified using an energy portfolio or a Pareto analysis [16]. Suitable 
current transformers are then selected on the basis of circuit diagrams and the electrical 
installation is conducted. Following the preparation, the frontend of the RPi App allows 
the user to enter the measurement configuration, to verify measurement data graphically 
and to initiate and conclude the measurement. Simultaneously, values are continuously 
read from the measuring devices and stored into a SQLite database by the backend. 
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The Web App features direct import of data from the RPi App, management of mul- 
tiple devices and analysis of measurement data involving machine learning algorithms 
with no additional expertise required for data preparation. In addition, data for long-term 
storage can also be exported via the Web App. 


Select machines 


Electrical installation 
and components 


= 


| Measurement configuration Data and device management 
Read measured values g 


Store measured values Measurement control Data export 


Fig. 1. Framework for identifying energy efficiency potentials of production machines. 


3.2 Energy Transparency and Analysis System 


The developed energy transparency and analysis system (ETAS) which is shown in 
Fig. 2 includes the hardware and the RPi App as the software. The hardware contains a 
power analyzer with current measuring modules forming the measuring device. Further 
components of the hardware are current, voltage and temperature sensors, a RPi and a 
touchscreen. The software can be divided into the RPi App installed on the ETAS and 
the Web App deployed on the user’s computer or a server. The RPi App handles the 
measurement configuration and execution leading to the data acquisition and the Web 
App is used for data analysis and management including data export. 


Hardware Implementation. The hardware part of the ETAS consists of voltage probes, 
24 current sensors and four multi-functional sensors (e.g. residual current or temperature 
sensors), which can be connected as analog inputs. The connectors enable the use of 
sensors of different accuracies and measurement ranges, depending on the nominal power 
and intended use. The sensors are attached to the power analyzer, which is a Janitza UMG 
801, equipped with two Janitza 800-CT8-A modules. The power analyzer is connected to 
the RPi via an ethernet cable. The RPi’s storage is extended by a 120 Gigabyte SD-card, 
which provides sufficient capacity for up to four years of measurements when recording 
all measurement channels at a sampling rate of 1 Hz. A touchscreen connected to the 
RPi offers an interface for the measurement configuration and the visualization of the 
measured values. Additionally, all electronic components are galvanically isolated from 
the voltage supply and the analog inputs. 
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Touchscreen 


Raspberry Pi 


Janitza UMG 801 


Janitza Modul 800-CT8-A Analog inputs 


Fig. 2. Energy transparency and analysis system (ETAS). 


Software Implementation. The measurement configuration is entered via a Python 
application, which is visualized on the touchscreen. The user can configure the sensors, 
bundle multiple measurement channels into a single consumer and define a sampling 
rate of up to 5 Hz. The final configuration is transferred to the power analyzer via Open 
Platform Communications Unified Architecture. The most recent measured values are 
visualized subsequently to verify their validity. If no currents /,, are permanently negative, 
values of p, are between 0 and 1, and the voltages Uyn equal (230 + 10)V, the electrical 
installation is considered valid for the measurement. Afterwards, the measurement can 
be started and the RPi App reads the measured values from the power analyzer, stores 
them in a comma-separated text file and visualizes the trends of the active power for 
each component. 


3.3 Web App 


Due to the limited computational power of the RPi, an external Web App is used for 
further tasks. The Web App provides the functionality to manage multiple ETAS and 
import data from them via Secure File Transfer Protocol. In addition, analysis procedures 
such as machine learning algorithms with the subsequent calculation of energy key 
performance indicators can be deployed within the Web App. Moreover, the Web App 
aggregates all data from the managed ETAS within a SQLite database and allows the 
export of measurement data for long-term data storage. 


4 Use Cases 


4.1 Experimental Setup 


The ETAS and the presented framework are applied to a cleaning machine (Fig. 3 (a)) 
and a lathe (Fig. 3 (b)) within the ETA Research Factory at the Technical University 
of Darmstadt. These machines are well suited for the use cases since they combine 
multiple electrical components and demonstrate the applicability of the framework to 
different production tasks. Within the same production chain, shafts are turned on the 
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lathe and gears are processed in the cleaning machine to be later assembled into a 
gearbox. The ETAS is installed to all components on each machine. In the presented 
use cases, measurements were conducted on each machine for one hour, which was 
considered a representative period, since the cycle time is approximately 6 min for the 
cleaning machine and two minutes for the lathe. 


(b) 
Fig. 3. (a) Cleaning machine and (b) lathe at the ETA Research Factory. 


4.2 Results 


The measurement results are partially shown in Fig. 4 for the cleaning machine. Algo- 
rithms such as those presented in [3] provide a possibility for automatic data analysis of 
load profiles for the detection of machine states. This enables energy performance indica- 
tors to be calculated. For the measurement data of the two presented production machines, 
the machine states were automatically identified using the machine learning algorithm 
Gaussian Naive Bayes [17] within the Web App. Subsequently, the non-production time 
factor (NPTF) is calculated, which is defined as the ratio of non-production time and total 
observed time [18]. Both the algorithm and the NPTF are suitable to demonstrate the 
application of the framework exemplarily. For the performed studies, the non-production 
time corresponds to the equipping time of the machines. 


Main power supply Hot-air dryer Heating wash tank 
z 
~ 
5 
z 
a. I 
2 
3 
< | | | | | | 
0 15 30 45 60 0 5S 30 45 60 0 5 30 45 4u 
Time in min Time in min Time in min 


Fig. 4. Load profiles of the main power supply, hot-air dryer and heating wash tank of the cleaning 
machine. 


Figure 5 illustrates the calculated NPTF of the two machines alongside the relative 
energy consumption of all measured components together with their nominal power. This 
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shows that the equipment time for the cleaning machine is comparatively high and that 
the main drives, heating wash tank and chiller require a considerable amount of electric 
energy. Moreover, the heating wash tank and hot-air dryer reveal how components with 
lower nominal power can consume more energy. The load profiles of the individual 
components indicate that the higher degree of utilization of the heating wash tank is 
responsible for this. Possible energy efficiency measures for these studies could include 
shortening the equipping time and improving the thermal insulation of the cleaning 
machine, as well as using more efficient main drives and chiller on the lathe. However, 
the measures need to be examined more closely for final conclusions to be drawn. 
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Fig. 5. NPTF and relative energy consumption of the measured components. 


5 Summary and Outlook 


To provide a straightforward holisitc framework for all steps from initial measurement 
configuration to final data analysis, the ETAS was developed. The framework was applied 
on two production machines, showing its ability to quickly determine the components of 
the machines which might be suitable candidates for efficiency improvements. Never- 
theless, the approach presented does not provide a quantifiable information about energy 
saving potentials or actual energy saving measures. 

However, analyses as shown in Fig. 5 can provide deeper energy transparency on 
machine and component level and therefore be a starting point for identifying organiza- 
tional and technical energy efficiency measures. Further developments of the software 
will include an extension of the available analysis algorithms, the integration of addi- 
tional energy performance indicators and the implementation of an expert systems for 
energy efficiency measures. 
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Abstract. Numerous research projects are investigating direct current (DC) grids 
for supplying energy to production plants. The motivation is the higher efficiency 
and lower material requirements compared to conventional grid structures, as 
fewer electrical conversion processes occur, regenerative energies can be coupled 
in more efficiently and recuperation energy can be stored better. The grid form 
and the associated earthing concept require different protective devices. The pub- 
lication simulates two possible grid forms and compares the efficiency with an 
approximated power curve of a production cell. The publication gives researchers 
and plant planners an impression of how such a network is designed and which 
components influence the efficiency. It serves as a decision-making aid for the 
selection of the grid form and helps with the design of the electrical components. 


Keywords: power grid - DC-Microgrid - simulation - energy efficiency - 
grounding method 


1 Introduction 


1.1 Motivation of DC Grids Branches for Production Plants 


Triggered by the electricity war between Thomas Alva Edison (1847—1931) and George 
Westinghouse (1846-1914), there was constant competition between direct and alternat- 
ing current (AC) for energy transmission. The development of the transformer (1881) 
made it possible to transport energy more efficiently over long distances, which led, 
among other things, to the worldwide implementation of alternating current networks. 
Since then, the connections of electrical equipment have been based on the AC voltages 
customary in each country. 

In the meantime, DC-powered technologies, like many renewable energies and stor- 
age systems, are appearing as energy providers in the decentralized grids. Although 
numerous operating devices use direct current internally. The lossy conversion and 
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feeding of energy generated from renewable sources and storage in batteries into the 
alternating current grid takes place [1]. Very often, internal DC circuits are the basis of 
electronic components. A prime example of drive technology are powerful frequency 
converters. The modules operate with rectification in an intermediate circuit and sub- 
sequent inversion into a new voltage with variable frequency. With a DC network, the 
structure is reduced to an inverter, whereby the entire lossy rectification and the associ- 
ated material costs are eliminated. This extended DC intermediate circuit with storage 
and consumers opens up the possibility of energy utilization of electrical braking energy, 
which is often only dissipated specifically in the form of heat via braking resistors [2-5]. 
In the industrial context, the introduction of DC grids can save around 10 to 12% of the 
total electrical energy per year [6]. 

In addition to energy savings, the need for electrically conductive material is also 
reduced. One factor is the changed topology of the DC grid with only two to a maximum 
of three current-carrying conductors instead of the four conductors required in the three- 
phase grid. A savings of up to 40% in conductive substances are predicted [7]. The 
elimination of numerous rectifiers and converters in equipment results in further material 
savings. Components with lower production costs and an associated saving in grey energy 
are feasible [8—10]. Furthermore, the control is simplified compared to AC grids, since the 
provision of reactive power is no longer necessary [11, 12]. Due to the increasing share 
of renewable energies in the overall energy mix, as well as through material reduction, 
the CO2 footprint is significantly reduced [4, 13, 14]. 


1.2 Status of International Research 


DC intermediate circuits for the integration of electric drives already exist in the indus- 
trial context in rare cases as so-called multi-motor groups with a common DC inter- 
mediate [2]. In energy distribution, high-voltage direct-current transmission is used for 
long-distance transmission distances. In addition, there are further projects with other 
voltage levels in the supply networks [15]. Various research projects currently relate 
to the holistic conversion to decentralised DC grids for production plants, e.g. “DC- 
Smart” and “DC-INDUSTRIE” [3, 16], with the follow-up project “DC-Industrie2” or 
“DC-Schutzorgane” relating to protection concepts, components as well as the coupled 
earthing system [17, 18]. The SiC4DC project investigated the CO2 saving potential of 
wide-badgap semiconductors converters of a DC grid [19]. DClhyPASim specifically 
investigates hybrid grid concepts with bidirectional energy flow between AC and DC 
grid [20]. Various studies exist on fault cases in the different grid types and the first 
prototypical reference systems from industry show the basic concept for specific appli- 
cations for the grid form [21—24]. In terms of research, the publications address in detail 
the niche of simulating the efficiency for different operating points as a load in two grid 
forms with components available on the market. The design complies with the regula- 
tions, thus provide plant planners with a decision-making aid for the grid configuration 
and design from the perspective of energy efficiency. 
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2 Simulation Model 


The simulation model is based on two rule-compliant designs for the opening of a DC 
voltage feeder with the nominal voltage of 650 V (unipolar). For this purpose, the loss 
characteristics of the necessary switching and protection organs as well as the bidirec- 
tional rectifier are modelled using a simplified mathematical approach. The analysis is 
designed for a nominal power consumption of 36 kW in duty type S1 (continuous oper- 
ation) [25]. The efficiency is calculated continuously for all operating points up to 1.25 
times overload (45 kW). The model and the simulations only refer to the steady state 
and are most accurate near the nominal point. The components for the two grid designs 
are based on components, which are largely available on the market. 


2.1 Description of the Types of Grid Design 


Basically, DC network branches can be opened via two different earthing concepts, 
earthed topologies (DC-TN) and isolated systems (DC-IT). In the earthed network 
branch, the negative pole of the DC network (DCN) is usually connected to the earth 
potential. In the event of an earth fault between the positive and DC pole (DCP), a low- 
impedance connection is created, which can lead to dangerous currents for people and 
secondary damage to objects and increases the risk of fire. 

In conventional AC networks TT, TN-S, in parts of TN-C-S or the IT network, resid- 
ual current devices (RCD) detect faulty residual currents between the active conductors 
of an AC network and other potentials such as the earth potential and disconnect the 
circuit within a few milliseconds without delay. This protective device does not exist in 
the DC-Link, as even all-current sensitive RCDs (RCD type A) are not suitable for DC 
voltages due to their function [5]. As an alternative protective measure for the DC-side, 
isolated networks (DC IT networks) are becoming more important in research. In the 
IT network, there is a galvanic separation, e.g. a transformer or power electronics with 
internal galvanic separation, which separates the fault current of the secondary side from 
the earth potential of the supply network, so that no dangerous body currents can occur 
in the event of an earth fault. The protection concept in the IT network provides for 
insulation monitors that ground the network to high impedance for measurement pur- 
poses and, if necessary, only issue an alarm in the first case of a fault and disconnect the 
network branch from the network in the second case of a fault. [21]. 

Figure | shows such a system structure according to symbols of [26]. Further nec- 
essary design differences between the DC-TN network and the DC-IT network are the 
number of DC fuses (dependent on conductor size and fault management), the AC fuses 
required in this case in the secondary part of the isolating transformer, the AC mains 
filter with earth coupling and the number of solid state circuit breakers (SSCB), which 
enable the DC network to open circuits in the shortest possible time (~10—20 us) and 
thus counteract the development of fault currents and arcs. [6, 27]. 

In both systems, there is a circuit breaker on the AC side for safe isolation and for 
selective tripping in case of overcurrent, an optional and in some cases not compatible 
residual current circuit breaker (RCCB) type B, an active front end (combination of 
active line and active interface module, driven by an external control unit), an optional 
disconnector for safe isolation of the DC according to IEC 60204-1 [28], as well as a 
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precharging circuit for limiting the inrush current of the capacitors in the DC circuit. 
The resistor of the precharging unit is only connected shortly of the mains starts and is 
consequently not considered for the simulation of the steady state. 

In addition to the components of the load circuit shown, there is a 24 VDC control 
circuit that supplies the excitation current of the contactors (19 W each), the measurement 
technology (10 W in TN system, 22 W in IT system) and the control unit (24 W) of the 
power electronics. 


toad (p(t) | toad (pt) 
sui | sui. 


Fig. 1. Grid-circuit-diagram (left: DC-IT, right: DC-TN) 


2.2 Modelling the Loss Characteristics 


The modelling of the power loss is based on a simplified mathematical approach using the 
quadratic dependence between power loss and load. The approach can be derived from 
the electrical equivalent circuit of a source, a load and a series-connected loss resistor. A 
similar approach with this quadratic dependence can be found in issue 16 of the Siemens 
Technical Series Transformers [29]. Therefore, the relationship in Eq. (1) can be used 
for the approximation of the loss characteristics. Where Py and P are respectively the 
power dissipated and the power consumed. 


P, =aP*+bP +c (1) 
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For better comparability, the input power is related to the nominal power Py. This only 
causes a scaling of the coefficients and results in Eq. (2). At the most components, b and 
c do not have a significant influence on the loss modelling. 


P py +b 4 + (2) 
,=a| — — +c 
es 0 R 
The coefficients a and b characterize the load-dependent and c the non-load- 
dependent losses and must be derived for the respective components. They can be 
calculated considering different operating points of the respective component. 


P PN? 
py = (2) +P, n (3) 


In [29] a similar approach is used (Eq. 3) to determine the power loss of the trans- 
former. P,.) corresponds to the coefficient c and is referred to as no-load power and 
k as the power factor. The factors mentioned can be taken from the datasheet of the 
transformer [30, 31]. The loss characteristics of the Active Line and Interface Mod- 
ule can be found in [31]. The presented approach is implemented within MATLAB 
Simulink. Figure 2 shows the corresponding loss model of a network component. The 
model receives the total power P as input and calculates the power loss Py and the 
corresponding output power Pout. 


a ei> - Fani > ee oT) 


1) 


Fig. 2. Simulink model of a general component 


2.3 Modelling the Grid System 


The complete grid models are created by modelling, parametrizing and concatenating 
the individual components. The overall system receives as input the incoming power 
and returns the corresponding output power available to the load and the corresponding 
efficiency. The efficiency is calculated by setting the output power of in relation to the 
incoming power. The non-load dependent power of the control circuits is taken into 
account. 


3 Results 


This chapter creates transparency about the losses of the different design variants and 
thus provides plant planners with a decision-making aid. Figure 3 shows the losses 
of the individual components with the corresponding reference power. Switching and 
protective devices mainly consist of a resistive component, so that the losses increase 
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quadratically with the current. The losses of the active front end mainly result from the 
load-independent switching losses and the load-dependent ohmic conduction losses of 
the power semiconductors (here IGBT with 8 kHz pulse frequency) as well as the internal 
device cooling. Significantly high are the losses of the transformer and the associated 
secondary circuit fuses, which only occur in IT network form, as well as the SSCB 
losses, which even occur twice in DC-TN architecture. 


—— AC Circuit breaker 4.5 |-— Transformer 
= 0.15 | DC fuse = = Active Line Modul 
x —— AC fuse x — Active Interface Modul 
S —— Control circuit IT Main E= 
a g Control circuit TN Main » 1f 
8 . Residual current circuit breakér 8 
— ~~ DC Disconnector = 
o Insolation monitoring o 0.5 L J 
= 0.05 Precharging circuit F Y- 
[o] o 
a a 
0 a 0 1 i 1 f 
0 10 20 30 40 0 10 20 30 40 
Power in kW Power in kW 


Fig. 3. Components power losses (left: control, switching and protection, right: conversion) 


3.1 Comparison of the Net Forms 


As aresult of the losses of the individual components, the total efficiency of the network 
forms is shown in Fig. 4 for the entire power range of the network. As expected, the grids 
are relatively efficient around the nominal point and inefficient at low load. Basically, 
there are fewer losses over the entire power range in TN architecture. 
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Fig. 4. Comparison of efficiency of DC-IT and DC-TN form 


As an application example Fig. 5 shows approximated measurements of a real power 
curve of a production cell supplied with AC. The simplified assumption is made that this 
power demand would be requested directly as a load on the 650 VDC mains feeders. 
Equivalent to the findings from Fig. 4, the low efficiency in partial load operation and 
of the IT network feeder is noticeable (efficiency DC-TN 95,5%, DC-IT 89,7%). 
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Fig. 5. Comparison of efficiency of DC-IT and DC-TN form applied on an approximated power 
flow of an existing production plant 


4 Conclusion 


The paper introduced a simulation-based approach for planners on how to design DC 
energy networks for production plants. Firstly, the advantages of industrial energy grids 
are mentioned, including cost, material and energy savings. Furthermore, PV and energy 
storage can be integrated more easily. A simplified mathematical approach was used to 
determine the losses of the individual components depending on the incoming power. 
This allows conclusions to be drawn about the efficiency of the individual components 
and that of the system as a whole. 

Along with efficiency, other decision criteria go into the selection of the network 
form. For example, the DC IT network is generally considered to be safer than the DC TN 
network, although the costs are often higher. Other selection criteria are electromagnetic 
compatibility and the possibility of integrating filters, availability/failure safety, and 
installation and maintenance aspects. 
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Abstract. The ability of manufacturing companies to compete depends 
strongly on the efficient use of production resources and the flexibility to 
adapt to changing production conditions. Essential requirements for the 
energetic infrastructure (EGI) result from the production itself, e.g., secu- 
rity of supply, efficiency and peak shaving. Since production always takes 
priority and must not be disturbed, the flexibility potential in terms of 
energy efficiency lies primarily in the EGI. Based on this, strategies will be 
developed that support companies in increasing their efficiency and flexi- 
bility by optimizing the configuration and operation of the EGI, while pro- 
duction processes are reliably supplied and not adapted. This is reached 
with intelligent operation strategies for the heating and cooling network 
based on forecasts, the use of energy storage systems, and the coupling of 
energy sectors. This paper presents an approach for energy forecasts used 
for the optimization of operation strategies. Hence, an energy-forecast-tool 
was developed, which is used for the prediction of electrical and thermal 
loads depending on the expected production. Therefore, machine learn- 
ing models are trained with past weather, energy, and production data. 
Using production planning data and weather forecasts, the model can pre- 
dict energy demands as input for an EGI optimization. 


Keywords: Energy efficiency - Forecasting - Machine learning 


1 Introduction 


The exhaustion of fossil energy sources, increased use of renewable energy, 
restrictions due to government regulations or international interstate crises and 
conflicts, lead to higher energy prices and a weakening of confidence and finan- 
cial markets [4,10,16]. In addition, as renewable energy is expanding and a 
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generation-based consumption is increasing due to volatility of renewable ener- 
gies, industry is increasingly forced to flexibly adapt to energy supply [17,18]. 
This change ensures a shift of the manufacturing industry towards more efficient 
and sustainable systems, thus requiring the identification of energy saving oppor- 
tunities and the development of new strategies to improve the energy efficiency 
of industrial energy systems [4]. 

Since manufacturing companies are often under enormous competitive pres- 
sure and are forced to constantly optimize their production with regard to costs, 
quality and time, interventions in the ongoing production process are associated 
with effort and involve risks with regard to these three mentioned central factors 
of project management [18]. For this reason, the guiding principle in many areas 
is not to affect production. This leaves the energy infrastructure for providing 
the energy requirements (in the form of electricity, heating, cooling) of produc- 
tion as the only adjusting factor for energy saving potentials. This flexibilization 
of the energetic infrastructure (EGI) is being investigated in more detail in the 
ProEnergie Bayern research project [13] in order to derive operating strategies 
for the EGI using AlI-based energy forecasts. These forecasts use production 
planning data and weather forecasts to predict load curves for the electricity, 
heating and cooling sectors. They can be used to generate an operating strategy 
for the EGI components in order, for example, to charge or discharge storage 
facilities in an optimized manner, to run energy plants at the optimal operating 
point and to reduce load peaks [9,12]. 


2 Related Work 


In this paper, the focus is on the prediction of energetic load curves of the produc- 
tion. In recent years, a large number of different prediction methods have been 
investigated. For example, significant benefits can be achieved by using simu- 
lations to predict energy demand. Due to the effort required for simulations, it 
can be more feasible for an SME to use energy measurements and numerical 
approaches to identify potential energy savings or efficiency improvements [7]. 
Therefore, an alternative to simulations are AI methods and thus machine learn- 
ing (ML). For example, Artificial Neural Networks (ANN) [11] are well suited for 
energy consumption modeling [1,8,19]. Usually, an ANN is trained during the 
model development phase using experimental or previous operational data [14]. 
Among others, the focus for ML predictions in recent years has often been on 
energy predictions for buildings [3,6,20] or whole district heating systems, where 
the usual load forecasts are based on decision trees or simple neural networks 
[2,5]. 

For industrial energy demand, there is a wide range of techniques for mod- 
eling and forecasting. Reinhardt et al. understand energy consumption fore- 
casting as a modeling problem and therefore derive their classification scheme 
from the input-processing-output cycle of model development. The distinguished 
categories are system (consisting of the dimensions factory, multiple machines, 
single machine, and machine part), input (consisting of the dimensions energy, 
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environment, process, and product), and processing (consisting of the dimen- 
sions artificial neural network, fuzzy logic, empirical expression, simulation, and 
theoretical expression) [14]. 

Schmidt et al. suggest a methodology for the reliable prediction of specific 
energy consumption of arbitrary manufacturing processes. This methodology is 
based on a few energy measurements and requires little effort and previous knowl- 
edge due to precise specifications about the machines. Firstly, a decision tree is 
provided to categorize production machines into groups according to their energy 
consumption. Then for each machine group, an individual procedure is presented 
for establishing a prediction model. For this purpose, the energy consumption is 
either estimated with an average value or broken down into repeatable energy 
consumption components. For the complex machines, the energy consumption 
in manufacturing can be estimated using nominal power, exergy, simulation and 
empirical modeling [15]. 


3 Concept 


In the solution proposed the adaption and optimization of the configuration 
and operation of the EGI is reached through intelligent operation strategies, the 
use of electrical and thermal energy storage systems and the coupling of energy 
sectors. Therefore, energy forecasts are developed and used for the optimization 
of the strategies and the configuration of the EGI. To increase the accuracy of 
the forecasts, ML models are trained with past weather, energy and production 
data (historical data). As a result, these models can be used to forecast energy 
demands on factory, machine group or machine level on basis of production 
planning data and weather forecasts (planning data). Two software tools were 
developed for this approach: the energy-forecast-tool to predict the electrical and 
thermal loads depending on the expected production and the EGI-optimization- 
tool to optimize the EGI’s components and operational strategy. 

As shown in Fig. 1, historical data from three different sources is used for the 
model training in the energy-forecast-tool: 


i) production data: information about the processes (e.g. start and end time, 
duration), product and plant specific information (e.g. material, geometry, 
process id, number of produced parts), the shift schedule and the work center 
calendar. 

ii) energy demands: the electrical and thermal load profiles for the correspond- 
ing plant, section or factory. 

iii) weather data: temperature and humidity of the weather station of the fac- 
tory or the nearest station of the German Metereologial Service (“Deutscher 
Wetterdienst”, DWD). 


Since the historical data was acquired from multiple different sources and 
was therefore not necessarily synchronized, the data needed to be harmonized in 
regard to a defined time interval. In this tool, a one-minute-interval was defined. 
For the training of the ML models, a time series was generated with a moving 
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Fig. 1. Schematic diagram of the presented concept 


window. The size of the window depends on the use case and was set in the 
range between 60min and 10h. Each window corresponds with one data point 
of the energy demand data set. The data was then split into a train and test 
set, with a ratio of 75:25. The train set was used to train the models, and the 
test set to evaluate the models and to select the best trained model for further 
predictions. As shown in Table 1, multiple model architectures were trained and 
evaluated with varying hyperparameters in a defined range. 


Table 1. Model architectures and hyperparameters 


Architecture Hyperparameters 


Multi Layer Perceptron (MLP) layers, units per layer 


Long Short Term Memory (LSTM) layers, units per layer, dropout 


Gated Recurrent Unit (GRU) layers, units per layer, dropout 


Convolutional Neural Networks (CNN) | layers, units per layer, kernel size 


The evaluation of the models is based on selected metrics, e.g. mean absolute 
error (MAE), root mean square error (RMSE) and coefficient of determination 
(R?). Afterwards, the best trained model can be used to predict energy loads 
based on production planning data and weather forecasts (planning data). There- 
fore, the data has to go through the same steps of preprocessing as described for 
the historical data. The predictions can be exported from this energy-forecast- 
tool for further use in the EGI-optimization-tool. The forecasting enables the 
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optimization of the operating strategies of the energetic infrastructure. For exam- 
ple, with the knowledge of upcoming electrical energy demands, the charging and 
discharging of electrical storage systems can be adjusted flexible to avoid load 
peaks and to purchase energy economically. In addition, power plants can be 
operated at their optimum efficiency level. 

The EGLoptimization-tool was developed to simulate the industrial energy 
system based on models of the energy consumers, producers and storage sys- 
tems. These models were mainly developed as grey-box models to reduce com- 
puting times and to increase the generalization and transferability for similiar 
components. In the tool, the infrastructure was recreated with components that 
include different models and operating strategies that describe the functionality 
and purpose of the component within the EGI. The operating strategies include 
three types: reduction of peak loads, optimization of self-sufficiency for energy 
and increase in energy efficiency (e.g. optimal operating points). The energy 
demands are representated by historical load profiles or by the predicted energy 
loads from the energy-forecast-tool. The parameters of the energy producers and 
storage systems are being defined in entry forms of the tool. Afterwards, opti- 
mized operating strategies for the EGI components are simulated to increase the 
energy efficiency and flexibility of the EGI. 


4 Experimental Evaluation 


The concept of the energy-forecast-tool was evaluated on a use case at a manu- 
facturing company in the metal processing industry. The research subject were 
two laser cutting machines. The aim was to predict the electrical load based 
on the production data. Therefore, the data was collected for six months and 
included the start and end date of the orders, the duration, the material number 
and thickness and the state of the machine, together with the shift schedule and 
the work site calendar. The electrical load was captured in 15 min intervals as an 
average for the elapsed period. Since these two datasets were not synchronous, 
the production data was transformed to a uniform time interval of one minute. 
Intervals where no order was produced were zero-filled. The 15min intervals 
of the electrical load were then assigned to the corresponding 15 one minute 
intervals of the transformed production data. 

The data was then split into a train, validation and test set (ratio of 65:10:25) 
without shuffling, so that the periods of the sets are consecutive in the mentioned 
order. The models were then trained on the train set and the hyperparameters 
were optimized on the validation set for each architecture. For the training of 
the models, the Adam algorithm was used as optimizer and the mean square 
error (MSE) was used as the loss function. Afterwards, the best trained models 
regarding the validation set were evaluated on the test data. As shown in Table 2, 
the best results over all metrics were achieved with the model with GRU layers. 
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Table 2. Results on test data for each architecture 


Architecture | MAE RMSE R? 

MLP 5.66 kW | 9.96 kW | 89.0 % 

CNN 5.66 kW | 10.10 kW | 88.7 % 

LSTM 5.69 kW | 10.01 kW | 88.9 % 

GRU 5.29 kW | 9.93 kW | 89.0 % 
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Fig. 2. Predicted and actual load of one week in the test data with the GRU Model 


Figure 2 shows the load predicted with the GRU model compared with the 
actual load over an one week period of the test data. A qualitative analysis of 
the prediction has indicated that the model was able to approximate the energy 
demand of the machine and to predict most of the load peaks. However, there 
were slight deviations observed, especially at the upper and lower limits. 


5 Discussion and Future Work 


The EGI-optimization-tool is used to investigate and optimize changes and 
extensions to the energy building infrastructure. The EGI can be configured 
dynamically. For example, the integration of generation plants and storage units 
can be examined. The optimization currently takes place via a so-called job list 
with multiple parameter sets. In the future, it will also be possible to integrate 
mathematical parameter optimization. 

The energy-forecast-tool is used to predict the electrical and thermal loads 
depending on the expected production. The quality of the predictions strongly 
depends on the input, especially how accurate the planning data is. The pro- 
duction processes are not adapted or optimized, in that way, the tool does not 
disturb the production itself. 
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With our methodology, we were able to show that the energy demand can be 
predicted with ANNs on basis of production data. The best result was achieved 
with the GRU model, whereby the quality of the models depend on the amount 
of training data and thus could be further improved with data over a longer 
period. 

AutoML approaches are intended to further reduce the user effort required 
to optimize the ML models. AutoML eliminates most of the manual steps of the 
classical iterative process (preparation of data, feature engineering, selection of 
the appropriate ML models and features, training of the models - incl. hyperpa- 
rameter search, prediction by the model). Thus, the user only has to define the 
prepared training data as input and an optimized model is created automatically. 

In addition, the approach of further developing the ML models with more 
and more data will be pursued in the future. Transfer learning will also be 
used to reduce the training effort and make it transferable for similar processes. 
Additionally, federated learning can be used here to optimize ML models across 
company boundaries. 
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Abstract. The majority of today’s manufacturing processes are based on well- 
developed and well-established procedures that are characteristics of mature tech- 
nologies. The manufacturing industries have not evolved significantly over time 
because of recent economic, environmental, and societal advances at an unprece- 
dented rate. As a result, there are numerous challenges and opportunities available, 
especially regarding resource efficiency. The majority of industrial processes con- 
sume far more energy than the theoretical minimal process energy requirements. 
This paper aims to develop a theoretical framework utilising the Gentani approach 
whilst targeting the minimum resources needed to carry out a process for use by 
manufacturing industries. The resource efficiency (exergy) metric has also been 
discussed that can be used as a tool to evaluate the efficiency of industry, depicting 
amore holistic level of energy and material consumption. The framework will help 
manufacturing industries in lowering costs and remain competitive by improving 
resource efficiency, aimed at reducing resource use and providing value delivery. 
The study will also assist in transforming these industries into resource-efficient 
modern manufactories in line with the Net-Zero 2050 agenda. 


Keywords: Manufacturing - Net Zero - Gentani - Resource Efficiency - Exergy 


1 Introduction 


Manufacturing is a major embodiment of a country’s national economy and overall 
national strength, as well as a cornerstone industry for building human wealth. The 
manufacturing industry plays a critical role in the generation of value for its customers; 
however, this value generation involves processes that are material and energy-intensive. 
This produces a lot of waste and has a negative impact on the environment [1]. Accord- 
ing to the International Energy Agency (IEA) statistics, the industrial sector accounted 
for about 26% of global COz emissions and 38% of global energy use in 2020 [2]. 
Environmental pollution and resource scarcity push the energy and resource-intensive 
industries towards the future targets of the net-zero 2050 agenda which is to transform 
these industries into resource-efficient and non-polluting manufactories. 

Most industrial processes consume much more energy than the theoretical minimal 
process energy requirements. For instance, steel production from iron requires the the- 
oretical energy of 6.7 GJ/ton, plus an extra 1.2 GJ/t for melting [3], whereas globally an 
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average of 22.6 GJ energy is used for 1 ton of material [4]. Cement processing requires 
only 1.8 GJ/t, but the average industrial value is 4.6 GJ/t. For flat glass production 3 
GJ/t energy is required, this is significantly less than the present energy consumption of 
7 GJ/t, resulting in 43% energy efficiency [5]. This shows that there are opportunities 
available to explore the resource efficiency of processes involved in the manufacturing 
industries. 

Conventionally material efficiency and energy intensity metrics are used to measure 
the resource efficiency of the industry. However, since these metrics require different 
units that cannot be integrated (e.g., kg with kJ), a thorough analysis of industry effi- 
ciency is not permissible. This limitation has been addressed by exergy which can be 
used as a metric to measure both material and energy utilisation in a single integrated 
metric [6]. The exergy of a production process involves it’s both physical and chemical 
exergy. Physical exergy is the maximum useful work a particular flow can do until it 
reaches thermomechanical equilibrium with the atmospheric conditions [7]. Whereas 
chemical exergy denotes the ability of a material to do work due to its chemical compo- 
sition difference in relation to the (surrounding) environment [8]. Exergy analysis can be 
employed to measure the interaction and trade-off between material and energy flow. It 
is stated that exergy provides a meaningful value to resource efficiency since it specifies 
the quality of a commodity, allowing the practitioners to distinguish the desired prod- 
uct from waste or by-products [9]. The automobile industry has also begun to employ 
resource efficiency throughout its production chain by creating components that con- 
sume significantly less fuel [10]. Toyota has successfully reduced the energy usage of 
its vehicle production focusing on the real minimum resource required for any process, 
the adopted approach is known as Gentani [11]. 

The word “Gentani” is a Japanese phrase that originated from the term called 
“Kousuu’, which refers to an approach based on resource consumption that enables 
users to determine the minimum resources used in an activity. In the later version, it 
is referred to as Gentani. In Japan, Gentani is extensively used in the manufacturing 
sectors to highlight resource consumption and devise new approaches and work support 
services to improve the utilization of resources and meet the set targets [12, 13]. 

This work is a part of the TransFIRe project that aims to transform the foundation 
industries in line with the net-zero agenda. Applying Gentani is one of the important 
research objectives of this project i.e., to identify the minimum resource required to 
perform a particular process. This paper is focused on developing a theoretical framework 
based on the Gentani approach highlighting the bare minimum of resources required to 
complete a process for application in manufacturing industries. 


2 Theoretical Framework Based on Gentani Approach 


This study proposed a theoretical framework based on the Gentani approach, following 
the four steps provided below. 


2.1 Develop Process Models 


The primary step of this framework involves the development of process models that 
account for materials, energy, water, and non-product flows like emissions, compressed 
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and blown air, by-products, process and cooling water and waste materials. Figure | 
provides a visual picture of an overall process model for a generic production sys- 
tem. This model can be further decomposed into detailed process models to provide 
a comprehensive overview of all the input resources and outputs associated with each 
manufacturing/sub-process. 
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Fig. 1. Graphical picture of a generic process model 


Water 


2.2 Develop and Evaluate Targets 


The second step is to develop and evaluate targets for the most efficient use of resources 
for each manufacturing process and use these to benchmark processes in the manufac- 
turing industries. Additionally, determine how distant the manufacturing sector is from 
meeting these targets. 

There are several processes involved in the manufacturing industries such as heat 
exchange, comminution, cooling, material handling and transportation, etc. All of these 
processes require a lot of energy and resources. Based on the theoretical calculations 
the absolute minimum resource required to accomplish these processes can be estimated 
and the optimal resource efficiency for these processes is benchmarked. Comparing 
the difference between present and benchmark values provide an idea of how far the 
manufacturing sector is from its ideal target values. 


2.3 Determine Best Practices 


Identification of best practices for obtaining the maximum resource utilisation in the 
manufacturing sector/industry is performed in the third step. One of the examples of 
best practices is to reincorporate by-products into the production process which can 
help improve the resource efficiency of a sector by up to 4% [9] (see Fig. 2). The other 
examples may include the capture of waste heat/energy and reutilising it. These practices 
can help manufacturing industries to get closer to the best feasible resource efficiencies. 
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Fig. 2. Introduction of by-products as an input material [5] 


2.4 Integrate Knowledge 


Lastly, approaches to attain the targets in Sect. 2.2 are identified and knowledge is 
transferred into the manufacturing sector to help overcome any encountered barriers. 

An overall outline of the proposed framework is shown in Fig. 3. Mapping of resource 
consumption is important to identify the inputs and outputs involved in the process. This 
will also help to determine the hotspots (highest resource consumption) in the production. 
The optimum resource efficiency of the process can be benchmarked by calculating the 
theoretical minimum resource consumption value and comparing it with the industrial 
resource consumption data. To achieve optimum resource efficiency, it is necessary to 
identify and implement the best practices. 


3 Resource Efficiency Metric 


Resource efficiency is an important feature of sustainable policies and practices, espe- 
cially in industries that use a lot of energy. The industry employs resource efficiency 
as a strategy to produce more suitable outputs with the minimum possible inputs [14]. 
It is used by industry leaders and governments to set priorities based on a product’s 
added value and to identify areas where a process can be improved. Resource effi- 
ciency is a well-established metric for determining the total energy performance of the 
manufacturing industry. 

Currently, energy intensity and material yield are the typical forms of metrics that 
are used to evaluate plant efficiency in terms of resource usage. However, these metrics 
are focused on a particular resource. The calculation of resource efficiency necessitates 
the use of a single objective unit for all resources [15]. Exergy is one approach to do this 
that accounts for both material and energy usage. It presents the maximum useful work 
that a system can perform [16]. 

Hernandez et al., [17] proposed the resource efficiency metric as a tool (measured 
in exergy) to holistically measure industry efficiency considering both material and 
energy consumption. This metric allows the integration of four major possibilities for 
improving resource efficiency, that are usually considered separately: reducing fuel and 
material inputs along with recovering energy and material by-products. In another work, 
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Mapping resource consumption (material, 
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Fig. 3. Outline of the conceptual framework 


Hernandez and Cullen [6] found exergy as an effective metric for measuring the resource 
efficiency of the industry. This reveals the exergy metric as the best approach to evaluate 
the industry resource efficiency. 


4 Conclusions 


The manufacturing sector consumes a huge amount of energy compared to other end-use 
sectors and therefore has a huge potential for improvement in terms of lowering energy 
usage and emissions. In this paper, the use of the Gentani approach has been introduced 
to benchmark resource efficiency in the manufacturing sector. A theoretical framework 
has been presented that can help resource-intensive manufacturing industries to identify 
theoretical and actual resource consumption limits (water, energy and materials). This 
novel approach will uncover many opportunities for the manufacturing sector in terms 
of performance enhancement. 

Resource efficiency can be measured with different metrics such as energy efficiency, 
energy intensity and material efficiency that are limited to a specific resource. The 
exergy-based metric is a comprehensive measure of resource efficiency that can be used 
to examine, analyse, and optimise industrial processes as a measure of both material and 
energy quality. Exergy analysis is a more realistic way to justify the system’s performance 
than material and/or energy analysis. 
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5 Future Directions 


Using the Gentani approach this study aims to develop a theoretical framework to bench- 
mark and identify best practices in the manufacturing sector in terms of resource effi- 
ciency (energy, water, material etc.). However, the work is limited to a high-level frame- 
work. This is an ongoing project and will be explored further towards an advanced level 
of the framework by involving industrial experts. Moreover, some case studies will be 
performed to evaluate the framework with the industrial partners of TransFIRe. 

Further research is in progress to identify and benchmark the resource efficiency of 
the common processes across the foundation industries. Detailed level process models 
will also be developed looking at the whole aspect of manufacturing. 
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Abstract. The sustainability of manufacturing processes can be monitored by var- 
ious key performance indicators and usually has a positive impact on the operating 
result. There are thus direct incentives to maximize efficiency and sustainability. 
The situation is different for the transmission of electrical energy. Energy transmis- 
sion and distribution are generally regulated economic sectors in which incentive 
regulation methods are used to ensure economic efficiency. The current regulations 
provide only limited incentives for the energetic and ecological efficiency and sus- 
tainability of the transmission and distribution of electrical energy. With this paper 
a key figure is presented that enables a better consideration of ecological aspects 
in the incentive regulation. This creates a better incentive to increase transmission 
efficiency, which has a direct positive impact on all downstream manufacturing 
processes. 


Keywords: electrical energy - energy transmission - incentives - regulations - 
sustainability 


1 Background and Benefits of Incentives to Improve the Efficiency 
of Energy Transmission 


1.1 Significance of Energy Transmission for Manufacturing Processes 


The economic well-being of nations can be traced back, among other things, either to a 
wealth of raw materials or to technologically sophisticated value creation. The former 
source of wealth can only be used sustainably in a few cases due to territorial conditions, 
which is one reason why industrial value creation has a high status. For a century now, 
this value creation has increasingly been carried out with the help of processes that 
use electrical energy as their main source [1]. The importance of electrical energy for 
value creation and the associated prosperity in industrial nations is thus elementary. 
This is one of the reasons why the correlation between the demand for electrical energy 
and economic growth (Gross Domestic Product growth) cannot be empirically proven 
since 1979 [2]. Due to the high importance of electrical energy, it is treated as a scarce 
resource [3] which ultimately leads to an increase in efficiency in the use of electrical 
energy. Despite or precisely because of this high efficiency, the reliability of supply with 
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electrical energy has a particularly high weighting. Despite the high importance of the 
efficient and reliable supply of electrical energy, a gap exists in metrics for evaluating 
and incentivizing improvements in the efficiency of energy transmission. 


1.2 Detecting and Avoiding Preventable Losses 


In almost all manufacturing processes, quite a lot of effort is put into minimizing losses. 
For this purpose, there is a quite comprehensive set of methods. In addition to flow cost 
accounting [4], there are methods that provide for an analysis of the entire life cycle. 
These include, above all, the LCA (Life Cycle Assessment or Life Cycle Analysis) 
method standardized in accordance with DIN EN ISO 14040/14044. These methods are 
difficult to apply to electrical energy. This is mainly due to the fact that transmission 
losses are determined by a large number of technical and infrastructural parameters. 
Furthermore, the value chain or better the value network is divided into several, separate 
companies, so it is necessary to stimulate the avoidance of losses where they occur. One 
example of preventable losses is the transmission losses due to harmonics. Harmonics 
are a parameter of power quality. The concept of power quality encompasses a portfo- 
lio of grid voltage characteristics. At present, there is no way to define power quality 
as a single indicator [5]. From the various factors of power quality, according to DIN 
EN 50160, the harmonic content is singled out. Because the harmonic content in the 
power grid will expected to increase, which is due to the increase in power electronics 
[6]. The increase in harmonics reduces the efficiency of electric power transmission by 
causing avoidable energy losses (caused by harmonic currents) in the grid and has a 
negative impact on the overall efficiency of the power system. These additional losses 
cause equipment to heat up, which can lead to increased aging and failures. Further- 
more, losses during transmission and distribution are largely influenced by the grid load 
itself, i.e. by the energy transmitted with the help of the power supply grid. There is a 
quadratic relationship between power loss and transmitted current. This means that grid 
users have quite a strong leverage in influencing transmission losses. However, under 
current legislation, grid operators are responsible for grid losses and there is only a 
disproportionately small incentive to reduce grid losses [7], so there is no incentive to 
improve the distribution of costs so that grid users have an incentive to use energy in 
manufacturing processes in a way that benefits the grid. 


1.3 Use of Incentive Regulation as a Leverage Mechanism 


Due to its technical and economic specifications, electrical grids are a natural monopoly 
[8] - also referred as an unavoidable monopoly [9]. Furthermore, the high investment 
costs in connection with regulated revenues - resulting from the efficiency compar- 
ison according to the German incentive regulation ordinance (German: Anreizreg- 
ulierungsverordnung — short: ARegV) [10] — and thus a long-term capital commitment 
lead to a secured revenue structure for grid operators. This long capital commitment is 
also underlined by the long service life of electrical operating resources [11], most of 
which are irreversible due to the high installation costs [12] and shows the need for a 
high level of long-term revenue security, which can usually only be realized through a 
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regulated market [13]. In addition, the incentive regulation ordinance offers the possi- 
bility to contribute to the avoidance of possible inefficiencies through incentives. This 
makes it possible to use this tool directly, to expand it and to reduce preventable trans- 
mission losses. The advantage of this approach is that, on the one hand, a permanent 
success control is carried out. As in the current incentive regulation, the losses can be 
set in relation to those of the base year. 


2 State of the Art 


2.1 Incentive Regulation Widely Used 


The present study refers to the Federal Republic of Germany. The statements and results 
can be applied to a large number of other countries, but it must be clarified in each case 
how transmission losses are considered in the respective system. Incentive regulation is 
the linchpin of the concept of regulating natural monopolies. Furthermore, one reason 
for regulation is the high importance of electrical energy as a fuel for a large number 
of manufacturing processes. In a paper on the regulation of the German power grid, 
DIEKMAN et al. compiled a list of foreign regulatory systems of the electric power trans- 
mission and distribution system. The result shows that incentive-regulated systems are 
widely used [14]. The advantage of incentive-based revenue regulation over cost-based 
revenue regulation is that it creates incentives to reduce inefficiencies. The disadvantage, 
however, is that the incentive must be high enough so that the benefits from reducing 
inefficiencies outweigh the lower revenues from maintaining them. 


2.2 Necessity Recognized - Implementation in Need of Improvement 


The introduction of incentive regulation based on the amendment to the German Energy 
Act of 2005 [15] shows that the need to reduce inefficiencies has been recognized. One 
of the core elements of regulation is the efficiency comparison of grid operators, which 
creates comparability between grid operators in an elaborate procedure. Efficiency is 
ultimately calculated as the quotient of the performance provided by the grid operators 
and the effort required to achieve it. The output is determined by anumber of comparative 
parameters, such as the length of the grid or the maximum output as well as the trans- 
mitted energy. The effort is reflected by the costs incurred for this. The current approach 
thus tends to lead to a comparison of performance. The term efficiency comparison is 
misleading in the sense that energetic aspects, which are today rather associated with the 
term efficiency, are not taken into account. An approach for improving this weakness 
will be presented in the further course of the paper. 


2.3 Incentives for New Technologies to Reduce Losses Better Considered 


The reduction of transmission losses is not directly considered in the current German 
incentive regulation. The importance of the efficient use of electrical energy is currently 
primarily seen at the ends of the value chain. A prominent example is the demand 
side management applied in many manufacturing processes. Ultimately, this measure 
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is currently generally aimed at limiting the grid load and thus the losses (which lead 
to heating of the conductors and, in the case of overload, to thermal destruction) to 
a maximum value. Particularly in the case of new technologies, attention is paid to 
how the energy losses in the grid can be limited by the use of the technology even 
before it is deployed across the board. JURADO et al. describe how the grid-side use of 
electric vehicles in Argentina can be designed in such a way that losses are reduced 
[16]. Similarly, studies on smart grids are usually guided not only by intelligent control 
with good integration of renewable generators, which considers possibilities to reduce 
transmission losses. There are various approaches to this. ZHONG et al. describe a coupon 
system [17], which in principle can be compared with certificate trading, except that 
the coupon is a bonus for participation, whereas the emission certificate is more of a 
malus for the company. There are other incentive systems that are based on the bonus- 
malus principle and are intended to encourage participation in the smart grid in such 
a way that losses are reduced. Unfortunately, the regulatory framework that provides 
an incentive to implement measures is lacking for the possibilities to implement and 
exploit the potentials to increase transmission efficiency. JACOBSEN has already discussed 
that a variant would be to expand the German Incentive Regulation Ordinance with an 
extension factor to include preventable loss energy [7]. 


3 Approach 


3.1 Adaptation of the Clearly Outlined Methodological Framework 


Incentive regulation is already a powerful method. The challenge is to include key figures 
in incentive regulation that are aimed at higher transmission efficiency. A clear possibility 
for this is the introduction of an additional parameter in the regulation formula of the 
incentive regulation. This approach makes it possible to fall back on an established 
procedure whose suitability has already been tested and which is accepted by the grid 
operators. The adaptation of the regulation formula offers the possibility to give an 
incentive to increase the sustainability of the supply with electrical energy and thus 
every downstream manufacturing process. Two advantages are created by the inclusion 
in the regulatory formula. On the one hand, the technical or ecological transmission 
efficiency has a direct impact on the revenues of the grid operators. Furthermore, an 
extension parameter in the sense of a transmission efficiency parameter creates a basis 
to make the technical and ecological efficiency of electrical energy transmission and 
distribution visible in a key figure for the first time [7]. This key figure can be introduced 
into the regulatory formula as follows. 


B; VPI, 
EO; = KAdnb,t + (Känns + (d — Vi) + KAp, t + i) Š (vet = PF) EF; (1) 
FOr + (VK; — VKo) + St 


The individual parameters of this extensive formula are not to be described and 
discussed further. This is already sufficiently done in Annex 1 to Section 7 German 
incentive regulation ordinance and in works based on it. The linchpin of the procedure 
examined in this paper is the expansion factor within the time period t EF, with its 
influence on the revenue cap within the time period t EO;. This factor is already anchored 
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in the regulatory formula. § 10 of the German incentive regulation ordinance states that 
the expansion factor is currently applied if the comparative parameters defined by the 
regulatory authority change by a significant amount (at least 0.5%) during the regulatory 
period. Extension factors for other factors have already been considered. One of the most 
recent proposals was an expansion factor to reflect the digitization of grid operators. The 
extension factor for measuring the degree of digitization would provide a direct incentive 
to increase digitization by influencing the revenue cap. This extension factor has not 
been implemented. However, it provides a good basis for arguing that it is possible to 
set expansion factors in such a way that they measure and compare parameters and thus 
encourage improvements. According to the German incentive regulation, the incentive 
should always refer to a comparison in the sense of a benchmark. 


3.2 Linking to Efficiency Parameters of Manufacturing Processes 


In manufacturing processes, there is a broad spectrum of methods for assessing the 
efficiency and sustainability of the processes. Especially in the field of eco-efficiency, 
there are approaches that can also be applied to the transmission and distribution of 
electrical energy. However, the goal is first to introduce a key figure that is as simple as 
possible. The elaboration of a sophisticated indicator should be done at a later stage. As 
a first step, complicated metrics for evaluating environmental and technical efficiency 
should be avoided. It is important that grid operators have an obvious incentive to reduce 
transmission and distribution losses. Therefore, it is useful to start with a comparison of 
the relative grid losses. The proposal initially involves four steps. The first step is the 
determination of the relative grid losses. 


Ey t,i 


EV ,rel,t,i = - 100 (2) 


t,i 


EV rel,t i- relative loss energy within the time period t in % of the grid operator i 
Evy t,i - loss energy within the time period t in kWh of the grid operator i 
E; - amount of energy transmitted within the time period t in kWh by the grid operator i 


The second step involves benchmarking the results of all participating grid operators. 
The results of the relative loss energy of the grid operators are sorted by size. 


3.3 Integration into the Regulatory Formula 


The two steps just described for the formation of the enhancement factor for the eval- 
uation of the technical ecological efficiency of the grid operators can still be followed 
by a scaling. It is to be expected that the mere use of the enhancement factor shown in 
Eq. (2) in Eq. (1) will lead to an over- or under-influence of the revenue cap. For this 
reason, scaling according to the benchmark may occur, similar to the efficiency value 
determination in the course of the efficiency value comparison. According to the effi- 
ciency value comparison, the grid operator with the lowest Ey ,,e,r,; could be assigned a 
EF, = 1 and the grid operator with the highest Ey ;¢1,;,; could be assigned a EF, = 0.6. 
All other grid operators would be assigned a EF; linearly ordered according to their 


Ey vrel,t,i- 
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4 Results and Discussion 


4.1 Very High Potential for Energy Savings 


Previous studies and research have shown that there is a high potential in mitigating 
transmission losses. Germany alone, transmission losses amount to 27.2 TWh in 2020 
[18]. With the current energy mix, this corresponds to emissions of 9.8 megatons of CO2. 
As CO? emissions are mitigated to full decarbonization, there will likely be a widespread 
shift to electric power. It is obvious that this is a high ecological potential, which exceeds 
the effect of many efficiency measures in industrial manufacturing processes. It can be 
assumed that without an intervention in the current grid structures and a continuation 
of the current feed-in and demand structure, an increase in losses can be expected. 
These large amounts of energy make it clear that electrical energy as a production 
factor has great potential for overall economic savings in energy, environmentally and 
climate-damaging emissions, and ultimately high costs. As described, the potential for 
the individual manufacturing process (depending on the demand for electrical energy) is 
not high or not high enough to be considered at present, but it is a universal production 
factor with enormous economic significance and high potential for reducing emissions 
and energy demand in the economy as a whole. 


4.2 Transfer of Efficiency Parameters of Manufacturing Processes Difficult 


However, adaptations of the energy system with its operating resources must be con- 
sidered, because the German energy market is not a complete liberalized market. This 
factor is an obstacle to free pricing, as investors need a security for revenues to invest. 
Such guarantees can be provided by a (partially) regulated market. This particularity 
presents both opportunities and challenges for the integration of efficiency improving 
methods into the energy grid regulation. The basis for this long-term assurance of supply 
reliability with innovative technologies while guaranteeing secure revenue structures is 
provided by the German Energy Act (German: Energiewirtschaftsgesetz - EnWG) [19]. 
Ultimately, this means that the same methods cannot be used to evaluate and influence 
efficiency in manufacturing processes without further adaptions. The methods and tools 
used must be aligned in their effect with the goals of the German Energy Act §1 and 
equally stimulate a reliability of supply, environmental competitiveness, acceptance, 
value for money and efficiency [20]. 


4.3 Precise Definition And Shaping of the Factor - A Long-Term Process 


In the introduction to this paper, it was described that the incentive for more grid-efficient 
energy procurement in manufacturing processes must come from the grid operators. To 
achieve this, the grid operators themselves must have a higher incentive to reduce grid 
losses. For the creation of such an incentive, an objective key figure is required. In Sect. 3, 
it became clear that a direct incentive, as it exists in industrial companies for increas- 
ing the efficiency of manufacturing processes, cannot be implemented when influencing 
transmission losses within the electric power supply grid. Rather, a factor must be found 
that attacks the current regulatory methodology. The factor presented here is certainly 


470 B. Jacobsen 


capable of generating a corresponding incentive. For the actual implementation, further 
analyses and simulations regarding the effect of the factor are important. Especially with 
regard to the background of the smart grid approach and an increasing digitalization of 
the energy grid for a target-oriented monitoring of the operating parameters, a breed- 
ing ground for efforts to increase the efficiency of energy transmission and distribution 
can be seen. Ultimately, electrical energy is a universal production factor whose impor- 
tance for most manufacturing processes will increase. Thus, increasing the efficiency of 
energy transmission has a direct positive impact on the footprint of most manufacturing 
processes. This paper shows a potential method for the use of an efficiency indicator for 
energy transmission. Future research questions need to clarify how this indicator should 
be designed in detail. 
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Abstract. A user-centric end-to-end machining optimization approach for 
increased energy efficiency according to the major goal of carbon free produc- 
tion, is presented. By doing so the two major challenges for medium size compa- 
nies get addressed. First data acquisition with sensors, which only require mini- 
mum investment cost by using machine-internal measured values and additional 
machine parameters. On example applications, it is shown how this combination 
enables transformation from parameter based to tool load based optimization. This 
foundation ensures the continuous selection of the process window with highest 
performance effectiveness of machine tool and cutting tool, regardless if machin- 
ing anomalies occur. Second a collaborative assistance system, which provides to 
the machine operator the option for input his specific experience and knowledge, 
thus making personal contribution to energy savings tangible. Thereby the carbon 
footprint per manufactured product component gets minimized. 


Keywords: Energy efficiency - Process optimization - Torque measurement - 
Internal machine data - Machine calibration - Data visualization - 
Human-machine interface 


1 Introduction 


Due to increasing demands in terms of energy efficiency and reduction of CO2 emissions, 
the metal processing industry is also subject to growing pressure. Because this branch 
is responsible for around 23% of Germany’s total annual emissions (in 2019, 183 m t 
CO ze), particular attention is being paid to this sector [1]. In addition, batch sizes are 
decreasing while the number of variants is increasing. In order to be able to continue 
to produce competitively, this requires flexible and at the same time energy-efficient 
production [2]. 

In this paper, two sections are considered to contribute to efficiency increase and 
pollutant reduction in the mentioned industrial sector. The first section analyzes in which 
form relevant data can be obtained during machining processes. In addition, the quality of 
the respective machine-internal process data is considered in order to allow meaningful 
conclusions to be drawn about the real machining process. 
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The second section focuses on the human being in the form of the machine operator 
in order to take optimal advantage of his experience and qualifications. For this purpose, 
the machine-internal data obtained is to be processed and visualized by means of an 
assistance system in such a way that it can be quickly perceived by the operator and 
decisions can be made independently to increase the efficiency of the machine and 
consequently of the process. 


2 Measurement of Internal Machine Data 


In order to be able to evaluate machining processes on the basis of machine-internal data, 
it is first necessary to consider which data can be called up for process optimization 
via the machine tool control and what consequently significance they offer. The use 
of machine-internal data is justified by the challenge that installed machine tools of 
existing production lines can only be retrofitted with external measuring sensors at high 
investment costs. This poses a major economic hurdle, especially for medium-sized 
companies, and is often considered too high financial risks. In addition, there is a risk 
that complex measurement setups at laboratory level, such as force plates based on 
piezo-electric elements, will negatively influence the actual machining process, falsify 
occurring process forces and limit the flexible use of the machine tool. Furthermore, a 
high level of experience and qualification is required to evaluate the data obtained and 
to implement measures for process optimization. 

The general approach is therefore to evaluate and present the data provided in such a 
way that the findings can be used to increase efficiency and thus reduce CO? emissions. 
Relevant machine-internal data can be drive currents of spindle motors, but also current 
positions, speed or acceleration values of individual drive axes. Depending on the control 
system, these are measured in the position control cycle at the respective frequency 
inverter of a drive, sent to the Numerical Control Unit (NCU) and finally output at the 
Human-Machine Interface (HMI) or external measuring computer. 


2.1 Suitability of Internal Machine Data for Process Optimization 


Because monitoring the drive power of spindle and feed drives to protect against overload 
is standard equipment on many machine tools, it is an obvious approach to check their 
suitability for process monitoring and optimization [3]. 

Own investigations showed that the evaluation of the torque-forming current con- 
sumption of the axis drives is not suitable for the evaluation of the loads arising in the 
process, such as cutting, feed and passive forces. On the test machine used, type GROB 
G350, it was noticed, that the holding currents caused by the raised machine table are 
many times higher than the current changes caused by machining. However, the situation 
is different when evaluating the drive power of the spindle drives. Although the basic 
load, which occurs when the spindle is rotating without machining, has to be compen- 
sated, current changes and thus torques resulting from the machining process can be 
clearly detected. 

Figure 1 shows the spindle load during a roughing milling process. In this case, 
the tool utilization in sector 2 is below the referencing maximum from sector 1, which 
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Fig. 1. Spindle load curve of typical roughing milling process 


indicates an unused performance potential. The data sheet shown was generated during 
data collection at industrial companies and thus represents real manufacturing scenarios. 
In the investigated workpiece, this revealed potentials that reduce the machining time 
by around 13%. Applied to the company’s entire product portfolio, this would result 
in annual savings of around 18 MWh and 8 t CO2 per machine tool, assuming 3-shift 
operation on 6 working days, an average machine power consumption of 18.8 kW and 
a CO2 emission factor of 438 g/kWh (in 2019) [4, 5]. 

The tests proved a correlation between the real cutting torque and the current con- 
sumption of the spindle drive called up internally in the machine. However, these depend 
on the process parameters as well as on the spindle type and parameterization, which 
complicates the comparison between different machine tools. 


3 Calibration Methods for Spindle Drives 


In order to realize the comparability between processes and machine types, a transfor- 
mation from a parameter- to a load-controlled process evaluation has to be carried out. 
This is to be achieved by means of a calibration procedure in which the characteristics 
of various spindle designs are recorded and a calculation methodology for the machine- 
internal data is created. In view of the fact that the calibration procedure has to be carried 
out on every existing machine tool and that acceptance in the industry must be ensured 
for this purpose, the implementation should not be associated with a high expenditure 
of time and machine downtimes. This enables the transfer of machine-specific data to 
an absolute reference system, which allows comparability and thus transferability. 

For the necessary calibration of the current consumption of the machine internally 
derived spindle in the manufacturing production environment, various methods were 
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investigated and checked for their suitability. Three approaches have been defined for 
the basic mode of action of the process: 


Measurements: In this case, the torsional moment generated in the machining process 
is measured directly and finally compared with the current consumption formed out 
of machine-internal data. This approach includes among others strain gauges, which 
measure the deformations resulting from the process forces and are either used in sensory 
tool holders or integrated directly into the corresponding tool spindle [6]. Adjustment: 
In these processes, a clearly defined torque is applied to the tool spindle. This can be 
realized by calibrated eddy current, hysteresis brake or agitators. Eddy current brakes 
are used, for example, on engine test benches to apply a defined load to the units [7]. 
Experimental series: The third category consists of defined metal cutting processes in 
which the machining forces and torques that occur have been determined beforehand. 
These test processes are implemented on the respective machine tool and the resulting 
recorded spindle currents are then compared with the target values. 
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Fig. 2. Suitability of the criteria for calibration methods, Legend: 1 = low/bad; 2 = medium; 3 
= high/good 


Different requirements are placed on the corresponding calibration procedure with 
regard to application possibilities and process influence. On this basis, 8 criteria were 
developed and evaluated according to the approaches in Fig. 2, among others: Rotational 
speed: Scalability in terms of speed; Process impact: Influence on the real machining 
process; Application options: Applicability to different machining processes. 

However, since the various criteria established cannot be regarded as equivalent in 
terms of weighting, they must first be ranked by means of a hierarchy. This was realized 
with a 3-stage pairwise comparison through which the corresponding weighting factors 
were created. These were used to offset the respective values in Fig. 2. This was calculated 
with the following formula: 


Rating Criteria x Weighting factor = Evaluation number 
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The resulting overall evaluation including the weighting factors is shown in Table | 


and thus evaluates the suitability of the respective approaches “Experimental series”, 
“Measurements” and “Adjustment” explained before. 


Table 1. Evaluation including weighting factor 


Criteria Experimental series | Measurements | Adjustment Weighting factor 
Rotational speed 0.48 0.48 0.16 16% 
Torque 0.43 0.29 0.14 14% 
Installation space 0.21 0.14 0.07 71% 
Susceptibility 0.25 0.38 0.38 13% 
Process impact 0.48 0.32 0.16 16% 
Complexity 0.18 0.09 0.09 9% 
Application options | 0.43 0.29 0.14 14% 
Measurement 0.11 0.32 0.32 11% 
accuracy 

Sum: 2.57 2.30 1.46 100% 


The overall evaluation shows that, with regard to the selected criteria, the “Experi- 
mental series” with 2.57 out of amaximum of 3.0 evaluation points is the most suitable for 
representing practical machining processes and for ensuring the necessary transferability 
to other machine types and configurations. 


4 User Requirements 


In addition to the technical challenges of collecting and processing machine data, such as 
a multitude of controls and machines, and the necessary measured value qualities, there 
are also the human requirements. In particular, the extensive implicit process knowledge 
of experienced and well-trained machine operators can only be used in a harsh production 
environment if an intuitive and efficient communication option between machine and user 
is realized. This must provide feedback on potential savings, stable process sections and 
prediction of change effects. At the same time, communication among all actors requires 
the consideration of systemic factors. This requires the collection of objective process 
and measurement data as well as information on selected optimization approaches and 
boundary conditions. 

For all applications of optimization tools at the shop floor level, it is therefore crucial 
that the entire user experience is consistently practice-oriented. Only if this is ensured 
will an assistance system be sufficiently accepted by employees on the shop floor, even 
in areas with high performance pressure [8]. Requirements analyses carried out in man- 
ufacturing companies to date have identified one application area as particularly serious, 
from which specific user requirements arise. 
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Especially for productions of small and medium batch sizes, no elaborate studies for 
the optimal setting of a process are realized. The decisive factor is often the experience 
of the skilled machine operator. Manufacturing processes are usually optimized only 
as far as necessary to be able to produce economically. Here, a data basis is missing to 
make objective statements about the tool utilization in a process. A target group-oriented 
visualization of existing tool loads already opens up significant optimization potentials 
within a process. 

In addition, due to the prevailing time and performance pressure, solutions and results 
achieved are rarely documented in such a way that other employees can apply this exper- 
tise to similar problems. Therefore, documentation close to the machine, at best fully 
automatic, must be able to record process parameters and malfunctions. This secured 
expertise increases productivity and permanently secures the company the corresponding 
process knowledge of the executing employees. 

These requirements can be met with an optimization system that provides in-machine 
sensor data, enabling objective process evaluations, while also having an effective 
human-machine interface that allows employees to combine their expertise and the avail- 
able measurement data. In this way, production processes can be optimized efficiently, 
taking into account all necessary factors. 


5 UX-Example 


The following graphical user interface (see Fig. 3) shows the optimization of the produc- 
tive time of a milling process as a use case with the largest identified savings potentials. 
Human-centered design takes place through the four phases of identifying the user con- 
text, specifying user requirements, creating design solutions and evaluating the design 
solutions [9]. 

The increase in efficiency is achieved by utilizing the tools as evenly as possible 
throughout the entire production process. Necessary load changes are realized by local 
feed adjustments. Research and feedback from machine operators has shown that the 
particular information required highly depends on the process and product. In this way, 
the irrelevant data is hidden in order to provide the machine operator only with the 
essential information for process optimization. For example, the spindle speed is an 
irrelevant parameter in milling processes and is not shown in the dashboard in this case. 
The exemplary calculation of time, energy and CO2 savings, on the other hand, has a 
motivating effect and is therefore presented more intensively. 

An optimization tool is available for the interaction, which narrows down the opti- 
mization range by defining a start and end point. The machine operator uses his extensive 
knowledge to include existing process restrictions in the optimization. 

A visualization of the previously reached safe spindle load maximum serves as a 
reference line. Using drag-and-drop touch gestures, the programmed feed rate is adjusted 
locally by the operator. The expected effects on the spindle load are calculated using 
an approximate calculation according to Kienzle. By adjusting the color-coding, the 
operator receives direct feedback on the optimization potential. The granularity of the 
process section adjustment depends on the time available and the cost-benefit ratio of 
the process. 
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Through the user’s intervention in the pre-programmed process and the real-time 
prediction of its adaptation by the application algorithm, the user and the algorithm 
learn from each other in equal measure. Through feedback, users learn to refine their 
suggestions. The collected data can be used in the long term for partial automation, which 
enables a transfer from an experience- and parameter-controlled to a load-controlled 
process design and thus permanently optimal operating conditions. 
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Fig. 3. Assistant shows need for optimization (left), user defines action frame (top right) and 
performs spindle load adjustment by means of feed rate adjustment, impact prediction takes place 
immediately (bottom right) 


6 Summary and Outlook 


These ongoing investigations carried out have shown that machine-internal data are 
suitable for process evaluation. To be able to transfer processes to other machine tools 
and thus make production much more flexible, the corresponding machine-internal data 
must be transferred to an absolute reference system by means of calibration procedures. 
The experimental series to be developed for this purpose must represent different pro- 
cessing scenarios and ensure the scalability of different parameters.Process monitoring 
and optimization based on machine-internal data offers an opportunity for metal-cutting 
processes to increase efficiency by utilizing existing performance reserves. 

The appropriate visualization of this data makes it possible to use it effectively for 
process optimization by making optimal use of the machine operator’s knowledge and 
presenting the required information as comprehensibly as possible. Care must be taken 
to ensure that the visualization can be flexibly adapted to the respective target group to 
ensure that the crucial information is conveyed in a comprehensible manner. 

In prospect, the various approaches are aimed at a wide range of stakeholders, from 
the requirements for machine-internal data and their interpretation to visualization for 
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the user. This end-to-end approach creates a holistic view of the value chain of manu- 
facturing processes. This is also shown by initial investigations in additive direct energy 
deposition processes and hand-guided welding processes. In this process, the various 
relevant process data, such as feed rate of the application nozzle or acceleration of the 
manual welding gun are examined and analyzed using an AI application. Here, targeted 
process monitoring can possibly also reduce the necessary quality assurance by means 
of costly and destructive testing and further increase process reliability. 
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Abstract. In response to rising energy demand, climate change and resource 
scarcity, the German government has set guiding targets for the transformation of 
energy systems by 2050. One goal is to increase energy efficiency in order to halve 
the demand for energy. An important instrument for increasing energy efficiency 
and reducing energy costs is the energy audit. By determining how much energy 
is consumed in which areas of the company, it is possible to identify where there 
is potential for savings. This paper presents an evaluation method for identifying 
energy-efficient process chains for the production of press hardening tools. The 
evaluation method is based on the Deming Circle and is intended to serve as a 
supporting tool for the energy audit. The method enables the analysis and evalu- 
ation of energetic variables of a process chain and is designed for manufacturing 
companies. 


Keywords: Energy Management System - Energy consumption - (PDCA) cycle 


1 Introduction 


The increasing demand for energy, climate change and scarcity of resources are 
major challenges of our time. As a reaction to the drastically increasing environmen- 
tal problems, this topic has developed into an independent policy area and demands 
corresponding ecology-oriented information and decision-making instruments [1]. 
DIN EN ISO 50001 is an instrument that provides the normative basis for the intro- 
duction, operation and continuous optimisation of an energy management system. The 
aim of this document is to assist companies in continuously improving energy-related 
performance, including energy efficiency, energy use and energy consumption. To this 
end, the standard requires the implementation of processes that ensure effective and 
measurable improvement. The organisational units shall collect, analyse and evaluate 
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its energy data and systematically identify energy potentials from it. To ensure contin- 
uous optimisation, these processes are subdivided according to the Deming Circle, the 
Plan-Do-Check-Act (PDCA) cycle. In addition, there are other standards of the ISO 
5000 family (Fig. 1) for a comprehensive explanation of the individual processes and 
for support in implementing the requirements of DIN EN ISO 50001 [2]. 


| ISO 50006 
| Measurement of energy-related 
a, performance using energy baselines 
7”, | (ENB) and energy performance 
indicators (ENPI) 


ISO 50001 
Energy ma 


+ ISO 50015 
« Measurement and verification of the 
+ energy performance of organisations 


with instructions 
for application 


|! ISO 50003 { 
| Energy management systems - i 
í Requirements for bodies, auditing and f 
+ certifying energy audit and certify j 


Fig. 1. The ISO 50000 family and the Plan-Do-Check-Act (PDCA) cycle. 


The standards are based on the principle of uniform standardisation, are formulated 
very generally and do not contain any industry-specific information. However, each 
industry has certain specifics that must be taken into account in order to set up and intro- 
duce an energy management system. For this reason, this article deals with the toolmak- 
ing industry, in particular with the production of press hardening tools. The production 
of thermo-mechanically stressed tools is associated with energy- and resource-intensive 
manufacturing processes. With the help of the developed method, the currently existing 
deficits regarding the use of energy and resources in tool production are to be shown 
comparatively between the conventional and an alternative route of tool production. 


2 Production of Press Hardening Tools 


For classical press hardening, the cooling effect of the thermal and mechanical highly 
stressed tool is of particular importance. In order to realise a stable process, the heat 
must be dissipated evenly and quickly from the component, so that the cooling structure 
should be arranged as close to the surface as possible. The insertion of the cooling 
channel structures can be done with different concepts: cooling holes, cast-in cooling 
tubes, sand core casting, additively manufactured cooling structures or shell structures. 


2.1 Process Chain for Manufacturing the Tool with Drilled Cooling Channels 


In industry, cooling with the use of deep-hole drilled cooling channels is most frequently 
used. This solution is comparatively simple to manufacture, robust in use and enables 
a high degree of automation in production. In order to map the geometry of the tool 
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and the cooling system, these are divided into segments and provided with holes. The 
size of the individual segments is determined by the complexity of part and thus also 
the tool geometry as well as the maximum drilling depth. The disadvantage of this 
segmented construction is the required sealing of the segments, taking into account 
the temperature-related expansion. Another disadvantage is the formation of so-called 
hot spots with insufficient cooling in the case of very complex geometries of the tool, 
especially in radius areas. The manufacturing of tools with drilled cooling systems is 
characterised by a high proportion of machining. After milling, drilling and deburring, 
the tool is hardened to increase its mechanical resistance and then hard-milled to its final 
geometry and finished (Fig. 2) [3]. 


Fig. 2. Process chain for manufacturing the tool with drilled cooling channels, based on [4] 


2.2 Process Chain for Manufacturing the Tool with Cast Cooling Channels/sand 
Core Casting 


Another manufacturing for cooling channels option is the sand core casting process. With 
this method, cooling close to the contour can be realised with high material utilisation. 
The process chain begins with pattern making and sand core production. The sand 
core represents the complete cooling system and thus reproduces the inner contours of 
castings. The core consists of sand and a chemical binder, has a high strength and should 
withstand the pressure as well as the high temperature until the shell solidifies. The 
model is moulded with the compacted sand, supplemented with the sand core and then 
cast. After cooling and demoulding, mechanical processing takes place. If necessary, the 
castings are further hardened to increase the strength of the tool. After a final grinding, 
hard milling and reworking, the tool parts are ready for further assembly (Fig. 3) [4]. 


4 


Lie sina Vee > 


Fig. 3. Process chain for manufacturing the tool with cast cooling channels/sand core casting, 
based on [4] 
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3 Method Devised 


The method developed is used to evaluate and identify energy-efficient process chains 
for the manufacturing of press hardening tools and identifies existing deficits in terms of 
energy and resource use. As a result, the objective is to increase energy efficiency and 
reduce energy costs. For this purpose, a comprehensive analysis of the energy consump- 
tion and the development of possible savings potentials is carried out. All the information 
collected is used to carry out the energy audit. 

The aim of the method is to create an energy management structure based on existing 
organisational processes that can be used to evaluate manufacturing strategies for the 
manufacturing of thermally and mechanically highly stressed tools. When introducing 
the method, the framework conditions must first be created in order to be able to carry 
out an evaluation. For this purpose, the scope of application, the responsibilities, the 
energy-relevant data to be included and the available sources of information must be 
defined. Building on the basis created, the assessment and identification of the manu- 
facturing process chains can begin. For this purpose, the PDCA cycle is used to achieve 
a continuous improvement of the set goals and target values (Fig. 4). 


reteset ee ae ae , ! Energy management structure to be continuously 
4 e | improved 
Creating a starting point ' 


4 


E Ps E E T t + Scope of application 
| + Energy-relevant data 


à 
* Derive optimisation potential | + Responsibilities | 
+ Energy management review ~ ! -+ Energy performance indicators ' 
» Energy management + + Energy targets i 

decision _- oy | 


Determine/measure/check 
energy-relevant data 

+ Evaluate collected data 

+ Carry out internal audit 


Fig. 4. Method for evaluating and identifying energy-efficient manufacturing process chains [ff. 
2] 


4 Evaluating and Identifying Energy-Efficient Process Chains 


4.1 Scope of Application 


The investigations are to be carried out for the manufacturing of a thermal and mechanical 
highly stressed forming tool for the press hardening of sill components. The process 
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chains for manufacturing a forming tool with drilled cooling channels and a forming 
tool in which the cooling channel structure was introduced by means of sand core casting 
are to be compared with each other (Fig. 2; Fig. 3). The tools were both made from a hot 
work tool steel 1.2367. The mechanical processing was carried out on a milling machine 
Hermle C 400 and a grinding machine ELB Perfekt 6 SPS (Fig. 5). 


Steel block | / / / 
1.2367 | 


Too! with drilled Cooling 
channels, lower part 


Casting | / Pd / 
material_| Hermle 
1.2367 C400 


/) Electrical measurement 
Tool with cast Cooling 
channels, lower part 


Fig. 5. Schematic representation of the scope of application 


4.2 Planning Phase 


The first step is to define target values that can be used for an evaluation. It is important 
to pay attention to the available data: 


— The total energy consumption of the process, which represents the integration of the 
absorbed active power P(t) within a time period T [5]. 


Tn 
Wsystem/process =f P(t)dt (1) 


— Energy efficiency, which describes the ratio or other quantitative relationship between 
an achieved output or yield of services, goods, commodities or energy Ejg and the 
energy used E,eal [2]. 


Ei 
E real 


TE (2) 


The energy driver describes the plant/machine or a process that has the highest 
energy consumption Wsystem/process along a manufacturing task or process chain [5]. 


Wer = max (Wsystem/process) (3) 
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— The energy consumption peak/peak load P(t) max describes a high power demand 
occurring for a short time [7]. 


Furthermore, the measures for necessary adjustments of the energy demand of the 
manufacturing processes are defined in this section. This is influenced by process-specific 
data, such as the technology, the type, the year of construction or the manufacturer of 
the machine/plant. In addition, the states taken, their temporal relationships and the 
temporal sequence of the states are to be considered as factors influencing the energy 
demand and the temporal sequence of the states is relevant. The measures can include 
various instruments such as short-term or medium-term adjustment of process starts, 
machine occupancy, order sequence, break or shift times, storage of energy or even 
change of energy source. These have a wide variety of control variables such as shift 
times, break times, maintenance times, machining times, start-up times, set-up times, 
daily requirements or the number of variants at their disposal [8]. In addition, new 
processes or process chains can be introduced to achieve the objectives. 

The concern of every company is the reduction of energy consumption. For this 
purpose, the energy consumption of two process chains for manufacturing of a thermal 
and mechanical highly stressed forming tool, by means of cast cooling channels/sand 
core casting and by means of drilled cooling channels, is to be determined and compared 
in this example. The process steps of both process chains are determined by the selected 
field of application (Fig. 2, Fig. 3). 


4.3 Implementation Phase 


The measures described are implemented in the company during this phase. All determi- 
nations and implemented measures must be precisely documented and communicated. 
The documentation of all activities carried out and the results achieved serve as evi- 
dence. In this way, it can be proven and understood what has been achieved. Within 
the framework of a management system, environmentally relevant records should be 
filed in an orderly and protected manner. Furthermore, the involvement of employees 
in the energy management system must be ensured through regular meetings. For inter- 
nal and external communication, enquiries, complaints, communication with customers, 
suppliers and authorities must be included. 


4.4 Check-Phase 


In the check phase, the effectiveness of the measures is checked with regard to the 
achievement of target values or energy goals. This involves monitoring and measuring 
the defined target values, which should be carried out regularly. For this purpose, the 
energy-relevant data must be recorded and evaluated. The results should be documented 
in a comprehensible way and included in the performance evaluation. 

A voltage divider, which was developed by the TU Chemnitz, was used to measure the 
voltage. The current was measured using current clamps such as ELCONTROL (clamp 
C 1000/D, HT97U (HT Instruments), MN71 (Chauvin Arnoux) and VOLTCRAFT AC 
200. An NI USB6259 measuring amplifier was used for the measurements. The recorded 
energy data were evaluated in the ;BEAM programme. The energy demand of the heat 
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treatments was calculated via the amount of heat to be introduced. This is calculated 
from the specific heat capacity c, the tool mass m and temperature change AT. 


Q=c-m-AT (4) 


Table 1 summarises the process steps of the considered process chains and the results 
of the measurements. The overview shows the energy-intensive processes depending on 
the production plant. It is possible to reduce the energy consumption of these processes by 
adjusting the process settings. The process chain for manufacturing the press hardening 
tool with cast-in cooling channels has the lower energy requirement as a result. 


Table 1. Comparison of the total energy demand of the processes, tool lower part 


Process step Production line Wanlage /Prozess> [kWh] Wanlage/Prozess> 

[kWh] 
Drilled cooling channels Cast-in Cooling 

channels 

Casting production Assumption = 6,17 

Milling (clamping Hermle C400 4,58 2,19 

surface, face milling, 

outer contour) 

Drilling cooling Hermle C400 2,66 - 

channels 

Deburring (outer Hermle C400 2,07 2,07 

contour, holes) 

Milling (face milling, | Hermle C400 2,25 = 

external contour) 

3D milling, rough Hermle C400 4,29 - 

contour 

3D milling, fine contour | Hermle C400 4,99 4,99 

Countersink M10 Hermle C400 0,11 0,11 

Aufnahmebohrung Hermle C400 7,19 7,19 

Hardening Assumption 3,78 3,78 

Grinding (bottom and ELB 6 SPS 3,31 3,31 

view side) 

Hard milling Hermle C400 0,87 0,87 

Chamfer insertion Hermle C400 0,28 0,28 

Rework Hermle C400 0,78 0,78 

3D milling, fine contour | Hermle C400 2:12 2.72. 

Total 39,88 34,46 
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4.5 Act-Phase 


The Act phase serves to continuously improve energy consumption in manufacturing and 
the energy management system. The first step is to derive optimisation potentials. This 
enables an interpretative evaluation of collected data and the derivation of optimisation 
potentials. These suggestions form the basis for setting new goals for the next cycle to 
evaluate the application area under consideration. Furthermore, all necessary informa- 
tion/data for an energy management review and decision are compiled. This review is 
a presentation of the results, the analysis and evaluation of the considered application 
area as well as an interpretative interpretation of solution proposals. It represents an 
important basis for communication with the management and, if necessary, serves as a 
report for an external energy auditor. 

As a result of the analysis and evaluation of the two production process chains 
considered, the process chain for manufacturing the forming tool using sand core casting 
shows the lowest energy consumption. It thus represents the potential for energy-efficient 
implementation and is presented as a proposal in the energy management review. The 
decision is incumbent on the management. 


5 Summery and Outlook 


In this article is presented a method for evaluating and identifying energy-efficient pro- 
cess chains for the manufacturing of press hardening tools based on the PDCA cycle. 
The method was used and validated for a comparison of the process chains with drilled 
and cast cooling channels. The result showed that by documenting the individual phases, 
the evaluation was recorded in a comprehensible and transparent manner for the energy 
management review and forms a good basis for decision-making. The described pro- 
cedure using the PDCA cycle enables a standardisation and introduction of an energy 
management system with continuous improvement of the energy consumption of the 
considered application area. 
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Abstract. To mitigate the ongoing progress of climate change, the European 
Commission announced in the European Green Deal to reduce greenhouse gas 
emissions by 55% until 2030 compared to the reference year 1990 and to achieve 
climate neutrality by 2050 [1]. In this context, the industry in particular faces 
environmental challenges due to its high energy demand. To achieve the objective 
of becoming climate-neutral, increasing the energy and resource efficiency in the 
industry is crucial, because a large proportion of the greenhouse gases released are 
emitted during the provision of energy. In the automotive industry, paint shops are 
among the most energy-intensive processes and have great potentials for efficiency 
measures. These potentials can be identified with the assistance of energy or CO2 
balancing methods. This publication presents a tool to analyse the energy effi- 
ciency potentials of automotive paint shops. The approach offers the possibility to 
parameterize different painting processes and their sub-processes. After defining 
the process requirements, a thermodynamic and process engineering simulation of 
the individual process steps enables the identification of potentials for energy and 
resource savings and CO) reduction in existing or planned painting processes. In 
a validation on a real reference scenario, the simulated CO2 emissions of a paint 
shop were reduced by up to 24% . 


Keywords: CO% accounting - Efficiency measures - Paint shop - simulation 
model 


1 Introduction 


Increasing prosperity, rising economic output and a growing world population result in a 
disproportionate consumption of resources and the emission of climate-damaging green- 
house gases such as carbon dioxide (CO2) into the atmosphere. Since a large proportion 
of the emissions released are linked to energy supply, energy efficiency measures should 
be implemented in particular in those sectors that account for the largest shares of total 
final energy consumption [2]. One of these sectors is the industry, which was responsible 
for 28.5% of final energy consumption in Germany in 2020 [3]. Automotive manufac- 
turing is one of the most important and resource-intensive industrial segments. Since 
up to 73% of the total energy consumption of automobile factories can be attributed to 


© The Author(s) 2023 
H. Kohl et al. (Eds.): GCSM 2022, LNME, pp. 490-498, 2023. 
https://doi.org/10.1007/978-3-03 1-28839-5_55 


Approach for Design of Low Carbon Footprint Paint Shops 491 


painting processes, considerable energy and emission saving potentials are expected in 
this area, which is why the painting process is the focus of this paper [4]. For this pur- 
pose, an approach to design low carbon footprint paint shops was developed and applied 
in a use case. The approach is based on a Matlab Simulink tool which can simulatively 
analyze existing or planned systems according to a predefined scheme and calculate the 
released CO 2 emissions according to Scopes 1, 2 and partly 3 of the Greenhouse Gas 
Protocol (GHGP) [5]. 

In the following, the scopes and the general procedure of a CO? balancing including 
the determination of relevant CO% emission factors will be discussed. Following the 
concept structure of this approach, relevant efficiency measures for painting processes 
will be presented and validated with the help of the tool based on a real use case. After 
a discussion of the results, the knowledge gained will be concluded and an outlook on 
further developments will be given. 


2 Background 


2.1 Carbon Footprint Calculation 


With the DIN EN ISO 14060 series, the German Institute for Standardization has cre- 
ated a standardized procedure for the preparation and evaluation of carbon footprints for 
organizations and projects. These standard series is based on the Greenhouse Gas Proto- 
col, which pursues the goal of creating internationally recognized and uniform standards 
for carbon footprint calculation. The GHGP divides carbon emissions into three scopes. 
The first one being direct emissions resulting from the process itself, scope 2 being 
the indirect emissions related to energy supply and scope 3 including all other indirect 
emissions related to the product such as emissions in the usage phase of a product. For a 
carbon footprint according to the GHGP standard, all emissions of scope 1 and 2 must be 
included, scope 3 is optional [5]. To calculate a carbon footprint, CO2 emission factors 
from specific databases such as ecoinvent [6] can be used for the consumed energy and 
materials. 


2.2 Painting Processes 


To make the following approach more comprehensible, the painting process steps in 
the automotive industry will first be briefly explained. The standard painting process is 
divided in process steps for corrosion protection and in processes for colour application. 
It starts with the pre-treatment as a dipping process to remove impurities from the car 
body. Afterwards, the so-called E-Coat is applied in a dipping process with high voltage. 
To protect the underbody, polyvinyl chloride (PVC) is coated in the following process 
steps. After PVC, the colour is applied in the three topcoat processes filler, basecoat 
and clearcoat in a spray-painting application. As a last process step, wax is inserted 
into the hollow spaces of the body. After waxing, the body is fully coated and can be 
transferred to assembly [7]. Figure 1 shows the different coating and drying processes 
in the standard painting process for car bodies. Process air is required in every process 
step, so the surrounding atmosphere in the paint shop has to be considered as well in the 
following approach. 
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Fig. 1. Standard painting process in automotive series painting following [8]. 


3 Simulation and Improvement Approach 


3.1 Simulation Model 


To determine the carbon footprint of the painting process and assess the effectiveness of 
different efficiency measures, a simulation model is built in the program Matlab Simulink 
[9]. For the simulation, the model has to be adjustable regarding different parameters. 
First of all, the different process steps need to be selectable individually, as not all process 
steps might be installed in every paint shop. Accordingly, the process parameters need to 
be configurable, like the characteristics of the painted part or the CO2 emission factors 
to comply with local differences. Furthermore, the surrounding conditions of the paint 
shop need to be adjustable as well. These mainly include the climatic conditions of the 
ambient air for air distribution processes. 

To estimate carbon footprint in each of the painting process steps as accurate as pos- 
sible, the various material and energy flows within a paint shop are considered according 
to the principles of the GHGP. Figure 2 shows the exemplary energy and material inputs 
and outputs in paint shops. Energy flows in paint shops mainly consist of natural gas, 
electricity and cooling power and are simulated based on thermodynamical principles 
and respective process requirements. In addition, the main operating materials like paint, 
solvent, waste, fresh water or wastewater and compressed air are calculated based on 
process requirements like layer thickness of the desired paint layer and setpoint tempera- 
tures [10]. The paint consumption is calculated with the workpiece surface, the required 
layer thickness and the solid content of the paint, which remains after drying. Combined 
with the process-related overspray, this results in a total consumption of the paint. This 
overspray is collected in a paint separation system. Depending on the efficiency of the 
application system and the amount of paint, higher material consumption occurs in the 
filter system of the paint separator. This shows the mutual influence of the different 
processes. The necessary curing temperature as well as the weight and material of the 
workpiece can then be used to calculate the energy required for drying. 

The calculated energy and material flows are linked to CO2 emissions using CO2 
emission factors, in this case provided by the ecoinvent database version 3.8 [6] Not all 
materials are yet available in the current version of ecoinvent, especially different paint 
mixtures. Thus, the CO2 emission factors for these materials were estimated based on 
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their components and their respective weight proportion. To reduce the energy and mate- 
rial consumption and hence the carbon footprint, different energy efficiency measures 
are implemented in the simulation model. These measures include integrated processes, 
which will lead to a different process configuration. One example of an integrated pro- 
cess is the filler-free application that allows to combine the functional requirements of 
the filler into the basecoat layer and thus the filler process can be omitted completely. 
However, this results in a higher layer thickness and different paint material in the 
basecoat-process, which is considered automatically in the model for the carbon foot- 
print calculation. In addition to more efficient process configurations, different process 
materials, which require less energy for their error-free application, or process equip- 
ment with higher efficiencies like paint separation systems can be simulated. Besides 
using different paint materials or process equipment, which leads to a change in the 
painting process, energy efficiency measures can also include more efficient process 
equipment like electrical motors or heat recovery systems to prevent heat loss into the 
atmosphere. These last measures have the advantage of reducing energy consumption 
without changing die painting process. 
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Fig. 2. Inputs and outputs of a paint shop regarding different system boundarys following [11]. 


3.2 Approach to Identify Improvement Measures 


In the first step of the application approach, shown in Fig. 3, the process steps are selected, 
since not all processes mentioned in Sect. 2.2 are installed in every paint shop. After the 
selection of the process steps, different process parameters must be defined to meet the 
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requirements of the manufacturer (step 2). Examples for process parameters are desired 
layer thickness and paint characteristics like solid content, water content and content 
of volatile organic compounds. Besides the process parameters, boundary conditions 
must be set (step 3). These include for example production conditions like throughput 
and production times. In addition, climatic conditions like ambient temperature and 
humidity for air distribution processes must be provided [10]. With process and product 
parameters and boundary conditions defined, the base simulation can be performed (step 
4). 

After this first simulation, multiple efficiency measures can be selected via pre-set 
variables. After the selection of the desired measures (step 5), the improved model can 
be simulated (step 6) to determine the effects of the efficiency measures in comparison to 
the base model (step 7). The results can be used afterwards to generate a CO2 reduction 
plan or to use the energy and CO> data in feasibility studies. If needed, there can be 
multiple iterations with different efficiency measures to determine the best solution for 
the specific painting process. Furthermore, the approach can be started again if measures 
are implemented and parameters of the base model change as a result. 


ee ee ee ee 


Step 1: Select Process Steps Step 5: Select efficiency measures 
Step 2: Configure process parameters Step 6: Simulate optimized model 
Step 3: Configure boundary conditions Step 7: Determine effects 


Step 4: Simulate base model 


Fig. 3. Approach for the simulation model and determination of improvement measures. 


4 Use Case 


4.1 Application of the Approach 


In the following, the model is configured to meet the requirements of the German automo- 
tive industry. Therefore, all process steps to coat a car body are simulated and improved 
regarding energy consumption and CO 2 emissions. As all processes steps described 
above are required in the standard automotive painting processes, they are all included 
within the model (step 1). The use case was developed with normed values for the pro- 
cess parameters (step 2) regarding paint application and drying. Product parameters were 
used from an existing body paint shop in Germany with a body weight of 380 kg plus an 
additional 250 kg for the conveyor skid, both made from steel and a maximum through- 
put of 55 bodies per hour. The surface area was set to 90 m? for dipping processes, 15 m? 
for PVC and 25 m? for topcoat processes. As many German car manufacturers are based 
in the south of Germany, the city of Augsburg was chosen for the climatic conditions of 
the use case with hourly climate data for the entire year of 2020 [12]. With process and 
product parameters and boundary conditions (step 3) defined, the base simulation was 
done (step 4). By applying different efficiency measures (step 5) and choosing the best 


Approach for Design of Low Carbon Footprint Paint Shops 495 


alternative for each measure, an optimized paint shop is simulated (step 6). The effect 
on CO? emissions is determined (step 7) and presented in the following chapter. 


4.2 Results and Discussion 


The base simulation, done with the defined parameters mentioned above, generates a 
consumption of 183 kWh of electrical energy per car body, 145 kWh of natural gas, 
91 kWh of other energies, and 502 L of fresh water, respectively wastewater. The results 
comply with data provided in literature [8]. The annual carbon footprint of the basic paint 
shop is calculated to be 246,591 tons of CO2-equivalents with the assumptions made. 
In addition to the base simulation, each efficiency measure is simulated individually to 
identify the optimized paint shop. It should be noted that some measures are affecting 
each other, hence the combination of different efficiency measures results in a lower 
CO reduction than the sum of each individual measure. Figure 4 shows the hourly 
carbon footprint of the basic paint shop and the optimized paint shop. The optimized 
paint shop with an average of 21.46 tons of CO2-equivalents per hour has a significantly 
lower carbon footprint than the basic paint shop with approximately 28.15 tons of CO2- 
equivalents per hour. In contrast to the base simulation, the optimized paint shop shows 
periodic outliers. They result from the dry paint separation of the spray booths, since 
the cardboard filters used in the booths have to be completely replaced and disposed at 
periodic intervals. With the exception of the outlier, the optimized paint shop is subject to 
lower seasonal fluctuations than the basic paint shop. This can be attributed in particular 
to the optimization of the ventilation technology using heat recovery systems and the 
increased tolerance window for the supply air. Therefore, the optimized paint shop is 
less susceptible to fluctuations in outside temperatures. 


CO, emissions in t/h 


> Basic paint shop ® Optimized paint shop 


Fig. 4. Simulated hourly carbon footprint of basic paint shop and the optimized paint shop. 


Figure 5 shows the CO2 emissions per process for the basic paint shop and the 
optimized paint shop. It can be seen that the emission reductions are highest in the topcoat 
processes filler, basecoat and clearcoat. In total, the emissions of these processes are 
reduced by 71.2% compared to the basic paint shop. Furthermore, it is notable that pre- 
treatment, the process with the highest carbon footprint, can only be slightly optimized 
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by the measures presented. This can be attributed to the high emissions related to the 
wastewater produced. Since the amount of rinsing water and chemicals is calculated 
based on an existing reference plant and this process was not changed as part of the 
optimization, the water requirement of the plant has not changed either. For the optimized 
paint shop, this results in a carbon footprint of tons of CO2 equivalents for one year. This 
corresponds to a reduction in CO2 emissions of 23.8% compared with the basic paint 


shop. 
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Fig. 5. Simulated CO emissions of processes per year for the basic paint shop and the optimized 
paint shop. 


5 Conclusion and Outlook 


With the help of the defined approach and the developed tool, the carbon footprint of 
various paint shops can be calculated. On the one hand, this allows new paint shops to be 
designed more efficient and sustainable in regard to required energy and resources. On 
the other hand, efficiency improvement measures for existing systems can be evaluated 
and implemented in a targeted manner. In addition to the reduction of carbon emissions, 
economic advantages can also be achieved in many cases through the short amortization 
periods of new, more efficient system components. The developed tool is designed to 
simulate a wide range of paint shops. Even though the steps of the presented approach 
are clearly defined, an analysis should only be performed by experts, as the accuracy 
of the simulation strongly correlates with the quality of the input data and the selected 
CO? emission factors. Based on the presented use case, the functionality of the tool was 
validated, and different efficiency improvement measures could be compared in regard to 
their carbon emission saving potentials. The program is currently being used and further 
developed by the Paintnology engineering office to apply it to more use cases. Further 
research is needed in particular to determine CO2 emission factors for paint shop-specific 
resources such as paints and solvents. Following the results of the presented application 
scenario, the water and wastewater cycles of the pre-treatment of industrial paint shops 
should be examined more closely in order to develop CO? reduction possibilities, since 
the largest impact was identified regarding this resource. 
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Abstract. Energy efficiency is becoming increasingly important for industry. 
Many approaches for energy efficiency improvements lead to the purchase of 
new hardware, which could neglect the sustainability. Therefore, optimizing the 
energy demand of existing machine tools (MT) is a promising approach. Nowa- 
days energy demand optimization of MT in series production is mainly done 
manually by the operators, based on implicit knowledge gained by experience. 
This involves manual checks to ensure that production targets like product quality 
or cycle time are met. With data analytics it is possible to check these production 
targets autonomously, which allows optimizing production systems data driven. 
This paper presents the approach and evaluation of a closed loop energy demand 
optimization of auxiliary units for milling MT during series production. The app- 
roach includes, inter alia, a concept for machine connectivity using edge devices 
and a concept for validating production targets. 


Keywords: Energy Efficiency - Machine Tool - Optimization - Series 
Production - Energy Demand 


1 Introduction 


In view of increasing ecological awareness, rising production costs and strict political 
demands for the sustainable use of resources and the reduction of greenhouse gas emis- 
sions, companies are increasingly moving towards environmentally friendly production. 
According to a study by the German Federal Association of Energy and Water Indus- 
tries, approximately 45% of total electricity consumption in Germany was used by the 
industry sector in 2020 [1]. Of this, metal production and processing, which includes the 
automotive industry, account for a significant share of about 23% [2]. In average more 
than two thirds is used by MT [3]. Therefore, MT are a interesting use case for energy 
optimization. 

There are various optimization approaches, most of which relate to specific operating 
states of MT [4]. The productive operating state, with the longest runtime in series pro- 
duction and highest power consumption, has the greatest savings potential [5]. However, 
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manipulations in productive operating state can affect the functionality of the machine. 
In series production, this can have an impact on the entire production chain. Monitoring 
of important key performance indicators (KPIs) to ensure the production goals must take 
place to safeguard the process. The steps to be taken for a successful implementation of 
such an optimization will be discussed and tested in this paper. The following question 
is to be answered: What steps are necessary for successful closed-loop optimization in 
series production? This leads to two further questions. How is the connection to the 
machine organized? How can the KPIs be determined and tracked? 

Section 2 explains the technical environment of the optimization, as well as impor- 
tant production and control fundamentals. Section 3 gives an overview of already imple- 
mented energy optimization approaches on MT. The applicability to the considered 
technical context will be discussed. Section 4 presents a possible approach to realize 
energy optimization on MT in series production. All necessary steps are analyzed in 
detail. Section 5 contains the implementation and evaluation of the approach on a grind- 
ing machine in serial production. Section 6 finally summarizes the results and discusses 
the generality of the approach. 


2 Technical Context 


In the following, the technical environment and MT as an object of optimization 
are examined in more detail. Production and control fundamentals are explained and 
requirements for the optimization procedure are identified. 


2.1 Series Production 


With increased quantities, workpieces are often processed in series production, whereby a 
workpiece usually to go through different manufacturing processes until the desired prod- 
uct is produced. An industrial production facility with multiple manufacturing resources 
is called a manufacturing system (MS) [6]. The performance of a MS or individual 
machines is measured in terms of overall equipment effectiveness (OEE), which is a 
measure of value creation consisting of availability, performance and quality factors [7]. 

The availability factor relates the actual productive time of a system to the operating 
time, in which planned downtimes such as tool setups or unplanned downtimes such as 
malfunctions can also occur. The performance factor describes the utilized duration of 
the system’s production time and identifies short downtimes. The quality factor describes 
the ratio of defect-free parts that meet quality requirements to the total number of parts 
produced. The quality can be controlled directly in the machine (inline) or on a separate 
measuring machine (offline). The multiplication of the three factors gives the OEE in 
percent and is calculated as follows. [8] 


OEE = availability - performance - quality (1) 


According to Bertagnolli in [9], average OEE values in autotmotive industry are 
around 60-80%. The OEE is also an indicator of the effective use of energy in MS and 
must not be negatively influenced by improvement measures. 
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2.2 Machine Tools 


MT are an essential part of a MS. In the structure of a MT, a distinction is made between 
main and auxiliary assemblies. The main assembly includes the components that carry 
out the actual manufacturing process, also called the main process. Accompanying the 
main process there are several auxiliary processes, which support the manufacturing 
process by auxiliary units and provide for example cooling and lubrication. They do not 
directly influence the process. In addition, auxiliary units account for around 60% of the 
MT total energy consumption [10]. This makes auxiliary units a promising object for 
energy demand optimization. 


2.3 Control System of Machine Tools 


The linking and interaction of the individual components of a modern MT is realized by 
the Programmable Logic Controller (PLC). Inter alia, the PLC has tasks such as starting 
and stopping the movements of spindles and axes, switching auxiliary media on and 
off, and changing target values of forces, torques and rotational speeds. Depending on 
the requirements for precision or complexity, the PLC can be also used to address a 
numerical control system, named Computerized Numerical Control (CNC). [11]. 

Depending on the subsystems control of a MT and the material flow, the machine 
is set to different operating states by the control system. The productive operating state 
usually has the highest power consumption and longest runtime and thus the greatest 
potential for energy savings [12]. Therefore, only this state will be examined. 


3 State of the Art 


Some approaches to energy optimization of MT already exist in a similar technical 
context. However, the extent to which these provide a suitable approach for implementing 
energy efficiency measures will be considered below. 

In Denkena et al. [13] the authors present a strategy to reduce the energy consumption 
of a MT. Therefore, the high-pressure coolant flow is adapted to the optimal quantity of 
flow while taking the influence on the tool wear into account. With additionally attached 
sensors, the volume flow was recorded, and new operating points were transferred from 
the NC code to the frequency inverter by a PROFIBUS connection. By this implementa- 
tion up to 37% energy could be saved in the optimal case. Nonetheless the authors state, 
that the necessary software functions are not commonly available and tests outside of 
secured laboratory conditions were not conducted. 

In [14], the energy consumption of a CNC-controlled MT was optimized in pro- 
ductive operation. For this purpose, a virtual MT was simulated, which estimated the 
energy consumption and feed rate for each line of the NC program. A generic optimizer 
adjusted spindle speed, feed rate and coolant pump pressure in the form of an improved 
NC program. Experiments on the CNC machine were able to show an energy saving of 
13% after optimization. However, successful application outside laboratory conditions 
on MT that are more complex remains questionable. 


502 A. Can et al. 


Outside of secure laboratory conditions, the manipulation of a MT in a production 
system can affect the entire production chain. In [15], an approach for the safe pro- 
cess optimization of MT in series production was presented. The core of the work was 
the determination of production critical KPIs to validate the process capability of the 
machine. From this, a decision tree for the optimization of MT in series production was 
derived, which provides recommendations for action in the event of a violation of the 
KPIs and checks the validity of the optimization. Based on these results, an approach 
for the implementation of a closed loop optimization will be presented in the following. 


4 Approach 


The realization of a closed optimization loop requires not only the necessary connectivity 
to the control system of the MT, but also safety measures to adequately safeguard the 
manufacturing process and reach production goals during series operation. To avoid a 
negative impact on the OEE, it is recommended to control the machine with the shortest 
possible downtime and constant component quality. The following assumptions and 
requirements should be met for this purpose. 


4.1 PLC 


The control of the MT represents a production critical system and ensures the machine 
functions. The PLC must not be overloaded by the optimization cycle. However, contin- 
uous setpoint specifications and computationally intensive data analyses could provoke 
this, making a different solution necessary. 

External industrial computers, mainly called industrial edge devices, can reduce load 
on the control system. The edge device communicates with the control system via Profinet 
and can collect and specify data without significant loads on the PLC. Furthermore, it 
is possible to calculate new setpoints based on the collected data using computationally 
intensive algorithms. 


4.2 Connectivity 


The key figures of the OEE presented in Sect. 2 must be checked continuously in order 
to guarantee a high overall effectiveness of the process. For a closed loop optimization, 
it is necessary to collect this data either from the machine or from external sources such 
as a Manufacturing Execution System (MES). Therefore edge device must be connected 
to external systems outside of the MT. 


4.3 Setpoint Specification 


Optimized parameters should be able to be activated without downtime. The data transfer 
takes place via the Profinet connection of the PLC. The PLC should continuously check 
whether new parameters are being transferred. As soon as these are available, their values 
have to be checked for validity regarding syntax and semantics to avoid malfunctions. 
If a value is invalid, it is to be rejected. 
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4.4 Optimization Procedure 


MT in series operation repeatedly perform a defined production process within one 
cycle. The process result can therefore be validated after each cycle. It is not advisable 
to change the setpoints dynamically during the production process, since the cause-effect 
chain would not be traceable. Instead, the target value should be specified statically, so 
that a new target value is defined before the start of a production cycle. 


4.5 Closed Loop Energy Demand Optimization 


In the first step, the edge device must be integrated into the existing system of the plant. 
The necessary hardware installations, such as the edge device and peripherals, must be 
connected. A connection to the control system is established via Profinet. Access to 
the MES is established via the machine’s LAN switch. The PLC must be extended by 
function blocks that enable communication to the edge device. The overall approach 
structure, with the systems connections is shown in Fig. 1. 
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Fig. 1. Overall approach structure with peripheral connections 


Secondly, the data acquisition is to be realized. Important data points for safeguarding 
the OEE, as well as the parameters for specifying the target values, must be localized 
in the PLC and integrated in the edge device. Applications for controlling the setpoints 
and for recording the data points may have to be implemented in the edge device. All 
optimization data must be collected and put into a uniform format for comparability. 
Finally, the data must be merged and matched on a time and cycle basis. 

In the last step, the optimization itself is facilitated. Target values must be checked 
for syntax and semantics before each specification and the OEE must be continuously 
monitored to detect defective production. The optimizer and its application should be 
designed according to the use case. For instance, the selection can be based on the 
possible number of trials or the system complexity. 


5 Implementation 


The approach is to be implemented on a grinding machine in a camshaft production, 
which processes the surfaces of the camshafts. The optimization will be realized during 
series operation. 
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5.1 Hardware Installation 


The MT has an inline quality inspection. A measuring device for tracking the total 
electrical power consumption is available and transmits the current power consumption 
to the MES every second. The Industrial Edge from Siemens is used for data collection 
and setpoint specification. The edge device is connected to the machine and MES via 
the Profinet and LAN connections as described in Sect. 4.6. 


5.2 Data Acquisition 


The setpoints to be specified are taken from the respective function blocks of the PLC. 
For the approach, a high-pressure cooling pump is varied about pressure in order to 
reduce the total energy consumption. In the given solution, the configuration of the edge 
device is done via a web interface, which offers the possibility to define the necessary 
data points from the PLC and predefined setpoints in tabular form. Applications for 
writing and reading the data points were also developed via the web interface. The 
characteristics required for tracking the OEE and the energy savings are as follows: 


The cycle time of the production cycle specifies the speed of the production process 

and serves as the start and end point for predefined setpoints. 

— The operating status of the MT provides information about whether the machine is 
in productive operation. 

— For the evaluation of the component geometry, the discrete values of the probes are 
collected. The tolerance limits are available in the corresponding function block, so 
that this information will also be collected. 

— The energy measurement is carried out via the counter reading of the multifunction 

meter and is to be collected in the controller in the associated function module. 


In principle, it is possible to collect further process data that could serve as indicators 
for the changes in the system. However, with this approach, attention is paid only to the 
unique values that provide information about the OEE. 

For comparability of the data, it is converted into a uniform CSV format and sorted 
by time and cycle. Data generated during the manufacturing, must be aggregated to a 
uniform frequency. The part geometry is recorded after each production cycle and thus 
assigned to the correct production cycle via the part ID of the workpiece. 


5.3 Optimization 


Here, an optimization problem was investigated under three constraints named quality 
(N1), cycle time (N2) and technical availability (N3). These can be represented by lower 
and upper tolerance limits ae eae as follows Nj = cae wel P= 150.33: 

To solve this problem, the task is to find a local minimum of the function without 
violating the constraints. The function to be optimized E : Q C R? — R describes the 
energy consumption, where d corresponds to the number of inputs and Q defines the set 
of admissible input parameters, which do not violate the constraints (Ni). 
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In order to safeguard the process, the factors of the OEE should be considered 
individually, thus ensuring that all components of the OEE are complied with. A slight 
reduction in OEE is already an indication of process deterioration. To determine the 
OEE coefficient, the values of the constraints are considered binary rather than discrete 
numerical values. As soon as one of the target parameters leaves one of the N; process 
reliability is endangered and the input parameter used is discarded. 

For example, the experiments are performed using the gradient descent with con- 
tinuous validation of the target variables. Using this gradient method, one progresses 
from an arbitrary starting point in the direction of the steepest descent, until a sta- 
tionary point is reached. The method now iteratively computes from a predefined 
value xg a sequence of points (xx), k € N according to the following iteration 
rule Xk+] = Xk + Qk * dk, k = O0,1,..., where the descent direction is given by 
dk = —VE(x,) and ax € R determines the step size. The step size is a variable quantity 
that can be chosen smaller with increasing computing power or time to increase the 
accuracy of the optimization. 


6 Results 


The approach of a closed-loop optimization on a MT in series operation could be suc- 
cessfully carried out. Using an edge device did not overload the PLC. With the existing 
software for the configuration of the data to be collected and setpoints to be described, 
the process could be monitored continuously and the setpoints could be given to the 
machine without any problems. 
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Fig. 2. Power consumption of the MT during Closed loop optimization experiments 


The experiments led to energy savings without changing the value of the OEE. As 
shown in Fig. 2, iterative gradient descent was used to localize energetically improved 
operating points. Compared to the starting point, an energy saving of about 12% 
was achieved. An approximately linear relationship was found in the range of values 
considered. 
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7 Conclusion 


The paper presented a practical approach to realize a closed loop energy demand opti- 
mization of milling machine tools in series production. Data evaluation and optimization 
runs on an edge device that is physically connected to the machine’s PLC. The opti- 
mization KPIs can be tracked using data from the PLC and the MES. A constant OEE 
is understood as a benchmark for successful optimization. 

The feasibility of the approach was shown for a grinding machine, where energy 
savings of about 12% could be achieved. With the ability to read data directly from the 
PLC via the edge device and tracking OEE as a general benchmark, the applicability of 
the approach to other milling machine tools is conceivable. 

Future work should examine whether this approach can be automated. For this pur- 
pose, however, it should be investigated to what extent the cause-effect chain can be 
traced with regard to medium- and long-term consequences. The tests did not show any 
abnormalities, but this could be the case with regard to tool durability, for example. 
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Abstract. Several strategies for reducing energy costs can be derived 
from the energy procurement cost function for Austrian end users of 
electrical energy. Based on short-term energy procurement on the day- 
ahead trading floor an optimization problem for cost-optimal scheduling 
of the load curve of a single plant has been formulated. A preliminary 
study for an annealing furnace is presented and it is found that the 
approach can lead to significant savings during periods of volatile prices. 
Furthermore, the strategy is applicable to any production process that 
provides sufficient flexibility, and therefore, if the trade-off between peak 
energy costs is included, can be applied to entire production systems. 


Keywords: energy flexibility - demand side management - demand 
response - energy price volatility - day-ahead - energy-cost-optimization 


1 Introduction 


For end-use customers of electrical energy, price volatility is expected to persist 
beyond a phase of fluctuating and generally high prices since the end of 2021. 
This will be caused by different factors, notably one of them being the rising 
share of variable renewable energy (VRE) on the supply side [3]. The associated 
uncertainty of energy-costs will and already is affecting more and more industrial 
subsectors that are dependant on energy to perform value-adding. The energy- 
intensive sector (EIS) is already working on mitigating energy costs and lowering 
the environmental impact of the inherent processes for quite some time, driven 
by a high share of energy-related costs of unit costs as well as policy measures. 

Industry is generally dependent on the availability of energy at reasonable 
prices, but when energy prices were sufficiently low, end-use customers out- 
side the EIS, whose demand for energy is on a lower level, were not signifi- 
cantly affected by the cost. These intermediate energy consumers have not yet 
intensively addressed the issue of cost containment in energy procurement and 
must now respond. This set of industrial enterprises can be denominated as the 
energy-dependant sector (EDS) and encircles a rather specific set of production 
© The Author(s) 2023 
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processes [3]. The difference in how energy is consumed by companies within the 
EIS and the EDS is significant thus, strategies specifically tailored to the pro- 
duction systems within the EDS, that largely coincide with discrete mechanical 
manufacturing (DMM) must be found. 


2 State of the Art 


In order to incentivize sustainability measures in the industrial sector one has 
to look at energy-related costs. Considering DMM the most significant energy 
carrier in Austria is electric energy [2,3]. The total procurement costs EPC for 
electric energy can be described with a procurement cost function, including all 
taxes, tariffs, grid and energy costs [3]: 


EPC = Cj + cpPp + W (cw,f + Ew) (1) 


Therein Cy are fixed costs and cp is the cost factor for peak power demand Pp, 
i.e. the maximum power uptake within the billing period. The three variables in 
Eq. 1 are the peak power demand P,, the amount of electric energy consumed W 
and the wholesale market price, represented as the mean costs per billing period 
cw. Because of high utilization and a low share of downtime or operational 
readiness of plants, lowering W through energy efficiency is the way to go in 
the EIS. In the EDS however energy efficiency, i.e. the lowering of energy input 
whilst maintaining the same level of product output, is not that easily scalable 
[3]. Lowering the overall energy uptake is of the essence within the EDS too, 
but unclaimed flexibilities on the demand side considering production systems 
of DMM are more easily accessible. Rather than lowering the energy uptake 
per se these may be utilized in order to react to the growing share of VRE on 
the supply side and thus, to mitigate costs [3,4]. This is in opposition to most 
processes within the EIS, where continuous processes cannot be interrupted. In 
contrast to discrete production, there is also little or no leeway for postponing 
or prioritizing process cycles regarding batch processes. 

Schwaiger et al. deduced two basic ways for flexibilizing the demand side with 
regards to energy costs, either by pro- or reactive flexibilization [3]. This is based 
on the two market floors end-use customers will trade on in order to procure 
electric energy short-time. We decidedly neglected long-term trading because of 
the increasing short-term volatility of energy prices through VRE and the as of 
yet unknown long-term developments caused by the transformation of the energy 
system and focused on proactive flexibilization. 


2.1 Proactive Flexibilization 


Equations defining the incurrence of costs by directly or indirectly trading elec- 
tric energy on the short-term wholesale trading floors, be it near real time (intra- 
day), or on the day preceding delivery (day-ahead) have been stated by Schwaiger 
et al. [3]. The according costs for day-ahead trading are stated in Eq. 2. In the 
following the denotations (left superscript) d for the day of delivery, d — 1 for 
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day-ahead prices for 60 min maturity 
1 


optimized load 


00:00 06:00 12:00 18:00 00:00 
Apr 07, 2022 


Fig. 1. A qualitative example for proactive flexibilization; (a) baseload; (b) potential 
bandwith for flexibilization [1] 


the day before delivery and d for a reference workday are used as well as the 
indices (right subscript) i = 1, ..., 24 for hourly and j = 1,..., 4 for quarter hourly 
products. 


24 
d-1 Q = 5 aW, acle (2) 


i=1 


Minimizing 7—!C is the basic goal for proactive flexibilization, i.e. optimizing the 
load curve for the next day by planning accordingly. Basically the load curve 
should resemble the vertical reflection of the graph representing hourly price. 
More so, optimally the load curve has maxima where prices are lowest and vice 
versa. A qualitative example for proactive flexibilization is given in Fig. 1 where 
a load curve with a given base load (a) and a flexible bandwidth (b) is fitted 
accordingly. In this simple example the discrete prices have been mirrored to the 
abscissa, normalized on the interval [0,1] and multiplied with the power flexibility 
potential in order to produce the optimized load curve. 


3 Energy-Cost Optimization for DMM through Proactive 
Flexibilization 


Given the aforementioned situation on the supply side from the viewpoint of 
an end-use consumer corresponding to DMM the following problem arises: The 
usually rather volatile load profile has to be matched with different blocks of 
energy procured on the wholesale market at least a day in advance. 

Schwaiger et al. introduced proactive flexibilization as a price-driven strategy 
to procure electric energy on the day-ahead trading floor [3]. It is formulated as 
an optimization problem for the convolution of the two functions 4 te(t) for the 
day-ahead prices and Pyiant(t) for the power uptake of a single plant: 


T2 


PeR = / 416(r) Prant(t — 7) dr (3) 


TA 
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The result of Eq. 3 is the time-dependant cost function for a single cycle of the 
plant where “~'c(t) and Ppiant(t) are functions continuous in time. The power 
uptake of the plant may in fact be represented by a time-continuous function, 
e.g. when it’s load curve can be defined analytically depending on the process 
parameters, or empirically by learning from past cycles. In an early stage of 
implementing proactive flexibilization Pplant will rather be represented by the 
measurement of the plants power uptake during a typical production cycle, thus 
being discrete in time. Day-ahead prices will be set for products with a maturity 
of 60 min and thus also are discrete in time, i.e. c; = C1, C2, C3, ..-, C24. Hither way 
the problem stated in Eq.3 has to be solved numerically. If the plant’s power 
uptake is continuous in time it has to be discretizised to P; = P,, P2, P3,..., Poa. 
The numerical convolution is defined as 


(ci * Ppotant,i) (n) = P plant € (4) 


where © is the vector of hourly day-ahead prices and Ppjan¢ is the convolution 
matrix. 


P plant 0 0 0 
[| . Fae i 0 
C2 2 
T = , Plant = : 0 Pan 0 (5) 
C24 . . . 2 
0 0 0 ... Pyan 


The minimum of the convolution will yield the most energy-cost effective point 
in time to start the process cycle: 


min(Pp) — tstart (6) 


4 Prestudy of Proactive Flexibilization 


A practical implementation of proactive flexibilization has been evaluated for the 
annealing of machine parts. The corresponding plant is an air convection oven 
equipped with electrical heating. Thus, the plants power consumption mainly 
stems from the operation of the heating resistors with a small portion of the 
overall uptake caused by the electric motors driving fans. The technical specifi- 
cations of the plant are stated in Table 1. 

Cycle duration and power uptake over time are mainly influenced by the 
mass of steel to be treated, the dimension of the parts and the holding temper- 
ature. The plant will always be loaded up to the maximum and processes other 
than annealing with a far lower energy demand may be conducted, but are the 
exception. Thus, a representative annealing process cycle, i.e. the plants power 
uptake over time, has been monitored, see Fig. 2. This process-specific load curve 
was averaged to 60 min intervals and used as input P plant for the optimization 
problem stated in Eq. 6. For proactive flexibilization the goal is to best match 
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Table 1. Technical data of the annealing convection oven 


Unit 


Nominal power of the heating resistors | 450 | kW 


Maximum load of steel parts 30 | t 
Annealing target temperature 600 | °C 
600 F 
400 - 
= 
e= 
200 F 
0 J 
AW) RW) AWN) AWN) INN) aN) INN) 
NS X N ® ss > ROX j ve à aV 5 aè ® 
ave ave ave NTS RG RG RG 


Fig. 2. Uptake of electrical power; annealing oven; (a) phase with active heating resis- 
tors (heating up, maintaining temperature and controlled cooling down); (b) cooldown 
phase where only fans are active 


load to the day-ahead prices, where only maturities of 60 min can be traded at 
the moment. Therefore the characteristics of the load curve during the hour are 
not of interest. Only the cumulative electric energy consumed during the period 
is of importance. 

The other input of Eq. 6, i.e. the hourly prices on the day-ahead trading 
floor €, has been derived from historic wholesale price data from EPEX Spot 
[1]. Week long time frames ranging from the first quarter of 2021 to the sec- 
ond quarter of 2022 have been selected for evaluation. The length of the time 
frame stems from the fact that the annealing process’ duration is well over 24h. 
Therefore it can not be scheduled on a daily basis but weekly. Thus, the energy- 
cost optimal starting point within a week for the given reference cycle has been 
calculated. 

Figure 3 shows an exemplary result for calendar week 8 in 2021. In the upper 
graph the hourly prices on the day-ahead trading floor are shown on the primary 
axis, as well as the energy-cost-optimized annealing cycle starting at tstart and 
its counterpart resulting in the cost maximum indicated by the power uptake 
over time on the secondary axis. As the cycle duration is around 27h it must 
be started on Saturday at the latest. The lower graph represents the overall 
costs for electrical energy per annealing cycle, i.e. the solution of the numerical 
convolution as stated in Eq.4. By being able to freely shift the cycle in time 
over a whole week a maximum difference in costs AC of €72 could be achieved 
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Fig. 3. Weekly proactive flexibilization of an annealing cycle for calendar week 8 in 
2021 
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hourly day-ahead prices © maximum weekly savings for a single cycle shift 


Fig. 4. Maximum weekly potential savings by shifting the annealing cycle in time [1] 


between the best and worst timed cycles. This result has been generated within a 
time frame with stable wholesale energy market prices, represented by a typical 
daily pattern of high prices during mid day and low prices during the night, 
as well as differences over the span of the week where prices on weekends are 
generally moderate. 

Results of weekly energy-cost optimization of the annealing cycle are stated 
in Fig.4 and have been generated from calendar week 2 in 2021 to calendar 
week 16 in 2022. Looking at the top graph the rise of energy prices to the end 
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of 2021 can be seen. Furthermore, the aforementioned familiar pattern in price 
fluctuation over the week has been more and more disrupted by the end of 2021, 
resulting in the uncertainty of even short-term predictions. A typical outcome of 
energy-cost-optimization for the ca. 27h long annealing cycle in times of stable 
and thus, predictable market prices, is that it will be shifted to the weekend. 
On extending the time frame for optimization to two weeks, the phases of high 
power demand (i.e. the phase of heating up) thus, would be shifted to the night 
from Saturday to Sunday. 

In calendar week 10 of 2022 the energy-cost-optimal cycle costs differ as much 
as €1.877 from the worst placed cycle, representing the maximum theoretical 
savings over the whole period analyzed. In conclusion the shifting in time of the 
presented annealing cycle only results in significant savings when the usual price 
pattern during a week does not hold up and especially when the spread of high 
and low prices during a week is high. 


5 Conclusion and Outlook 


Two strategies for energy-cost optimization have been deduced from the energy 
procurement cost function, being pro- and reactive flexibilization. It has been 
emphasized on the latter, which focuses on load scheduling typically at least a 
day ahead and has been formulated as a numerical convolution of hourly prices 
on the day-ahead trading floor and the time-discrete load curve of a single plant. 
The minimum of the function resulting from the convolution gives the cost- 
optimal starting point of the process cycle in time. 

A prestudy of proactive flexibilization has been conducted, using historical 
day-ahead market data and the time series of a representative process cycle of 
an air convection annealing oven. It could be shown that in weeks where prices 
are following a usual pattern, even if they are relatively high, potential savings 
are moderate. In times of high volatility and a high price level, savings for this 
particular application range from several hundred to several thousand Euros. 
The typical outcome is to shift the cycle to the weekend because of the 27h 
duration and long time slots of lower prices then. The prestudy was performed 
ignoring further limitations caused by production planning that may not allow 
for the energy-cost-optimized process cycle placement and thus, practicable sav- 
ings may be much lower. The duration of the process cycles, the times in between 
needed for loading and unloading and the two shift rotation restrict flexibiliza- 
tion greatly. In practice operation of the given plant also needs to adhere to a 
given schedule because of a high workload. 

The following conclusions can be derived, which lead to steps for expanding 
the approach of proactive flexibilization and increase practicability: 


— As a basic assessment unclaimed flexibility of production processes within 
a factory has to be assessed to choose the right production processes for 
flexibilization. An indicator for quantifying the potential regarding flexibility 
is lacking. 
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— Given high enough energy costs it may even be practical to increase flexi- 
bility by changing given procedures, but costs due to the increased effort in 
production planning must be weighed against the savings in energy costs. 

— Limits given by production planning have to be introduced to proactive flexi- 
bilization, i.e. the time frame available for energy-cost optimization has to be 
adjusted accordingly. 

— Given additional restrictions min(P p) will have to be solved repeatedly, whilst 
after each iteration the time frame has to be trimmed. 

— Since proactive flexibilization is plant or process specific, multiple computa- 
tions must be performed in parallel to cover an entire facility and the proce- 
dure must be extended to calculate the expected trade-off due to peak power 
costs. 

— The numerical convolution is easily scalable which is beneficial for practical 
implementation, especially given the necessity of multiple parallel calculations 
with potentially many iterations each, when applied to a production system 
or even a factory. 


Assuming that current developments within the (electrical) energy system will 
lead to persistent volatility and given the fact that investment costs for imple- 
menting proactive flexibilization are low, it can provide enough of a monetary 
incentive in order to be applicable in practice. In addition, the application is not 
process-specific in terms of production technology and can therefore be used on 
a larger scale, provided sufficient flexibility is offered. We assume that a high 
potential of unclaimed flexibilities exists in DMM in general, as well as a high 
potential for actively expanding flexibilities for the purpose of energy-cost opti- 
mization. 
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Abstract. SMEs are increasingly forced to shift to more sustainable manufac- 
turing. Industry 4.0 can support the transformation and foster innovation. But, 
SMEs need solutions with a low barrier to entry in terms of investment, IT knowl- 
edge and capacities. A framework based on value and material flow analysis, low 
investments and user-oriented IT skills is proposed. As an example, it is imple- 
mented in the furniture industry and shows a digital twin in terms of monitoring 
the energy and material flows. In addition, a product-specific allocation of energy 
consumption, energy peak shaving and other applications are possible. 


Keywords: Industry 4.0 technology - Green transformation of manufacturing 


1 Introduction 


For decades, growing economic, environmental and social challenges have reinforced the 
need for a “green transformation” in production. The increasing demand for resources 
by industry leads to environmental problems. As small and medium-sized enterprises 
(SMEs) are responsible for 60-70% of industrial pollution in Europe, they need solutions 
to address sustainability [1, 2]. Combined with resource scarcity which entails supply 
risks and price volatilities, this poses major challenges, but also offers opportunities in 
terms of reduced environmental impact and lower supply risks. All companies, including 
SMEs, must develop their business models into sustainable ones. 

Sustainable manufacturing (SM) can be seen a part of sustainable development (SD): 
Based on the UN Brundtland Commission, which has defined sustainability as "meeting 
the needs of the present without compromising the ability of future generations to meet 
their own needs", the approach is applied to the concept of SM [3]. In addition, the UN 
agreed on the 17 SD Goals (SDGs) in 2015. Three of them relate to SM and cover dif- 
ferent aspects, namely SDG 7, 9 and 12. While SDG 7 and 12 consider energy intensity 
or material consumption, that can be achieved with SM approaches and technologies, 
SDG 9 emphasizes building resilient infrastructure, promoting inclusive and sustainable 
industrialization and fostering innovation. Target 9.4 explicitly calls for upgrading infras- 
tructure and retrofitting industries to make them sustainable, with increased resource-use 


© The Author(s) 2023 
H. Kohl et al. (Eds.): GCSM 2022, LNME, pp. 519-527, 2023. 
https://doi.org/10.1007/978-3-03 1-28839-5_58 


520 S. Krommes and F. Tomaschko 


efficiency and greater adoption of clean and environmentally sound technologies and 
industrial processes [4]. 


2 Sustainable Manufacturing in the Context of Industry 4.0 


2.1 Sustainable Manufacturing and Industry 4.0 


There has been no uniform definition of SM among scientists for years, and even today 
different approaches are associated with SM [5, 6]. A general definition is given by Chen 
and Zhang, who describe SM as “the science and technology of manufacturing based 
on the idea of SD” [7]. Loglisci et al. go further, seeing SM as a key component of 
SD [8]. Following Moldavska and Welo, most definitions agree that SM is the creation 
of a product or service taking into account the environmental, economic and social 
dimensions. However, the literature distinguishes between whether it is a strategy or 
concept on the one hand, or a paradigm or system on the other. Further, while it can be 
assumed that the entire life cycle is considered, only a few deal with the end-of-life in the 
context of SM. Almost all definitions reflect the goal of reducing impacts or improving 
the relevant factors of production [5]. 

For this paper, SM is defined as “the integration of systems and processes capable 
to produce high-quality products and services by utilizing less and more sustainable 
resources such as energy and material, being safer for societies, employees, consumers, 
stakeholders and being able to mitigate social and environmental impacts throughout its 
whole life cycle” [9]. Bonvoisin et al. present four overlapping and complementary lay- 
ers that considers the objects addressed and disciplines concerned to achieve SM [10]: 
According to these layers, the framework looks at the first layer, manufacturing tech- 
nologies, which addresses the two factors of value creation process and equipment. The 
aim is to increase energy, resource and economic efficiency and reduce environmental 
impact through a digital twin by applying 14.0 technologies. 


2.2 Industry 4.0 Enabling Technologies for Sustainable Manufacturing 


14.0 describes the transformation of the industry through Internet of Things (IoT), data 
and services. The term integrates different perspectives, sectors, industries, corporate 
functions, technologies and subject areas [11]. Its technologies have a huge scope of 
application and cover a broad spectrum. Suleiman et al. 2022 list 24 concepts that 
also include concepts beyond production: With regard to sustainability, the concepts 
of circular economy, remanufacturing, sustainability and Recycling 4.0 are mentioned. 
Accordingly, the sustainability concept of 14.0 “enables and supports sustainability by 
deploying digital technologies and business models with a focus on energy efficiency, 
pollution control, and value chain optimization” [12]. 

Ching et al. identify eight 14.0 technologies that are relevant for the economic, eco- 
logical and social dimension of SM [13]: Artificial Intelligence, Blockchain, Big Data 
Analytics, Cyber-Physical (Production) Systems (CP(P)S), Industrial Internet of Things 
(oT), Digital Twins (DT), mixed reality and robotics. Others mention fog and cloud 
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computing, actuators and sensors, 3 D print (additive manufacturing), cognitive comput- 
ing, simulation and modelling related to sustainable or energy efficient manufacturing, 
to name but a few technologies [14-17]. 

For the purpose of this framework, technologies such as CPPS, HoT, DT and sensors 
as well as methods such as data analytics and machine learning are relevant (Table 1). 
The technologies collect, transfer, store and process real time data via the infrastructure 
of the network (IloT), while data analytics and machine learning methods analyse them 
for decision-making. These technologies and methods drive the digital transformation 
of production systems, which offer a variety of opportunities to use real-time data to 
increase sustainability in manufacturing [17-20]. Based on this, metrics are often used 
for SM assessment that prepare the real-time data for further use, e.g. key performance 
indicators, process maps, forecasts. Several metrics are available taking into account the 
three dimensions of sustainability [21-24]. 


Table 1. Terms, definitions and application of 14.0 technologies and methods 


Defintions — Application in the context of the 
Term > = conceptional framework 
CPPS — A cyber-physical (production) system (CP(P)S) ts comprising a set of intera Based on the HoT, machines, [oT 


physical and digita! components, which may be centralised or distributed, that provides a co: 
tmctions. 10 influence level. ERP and MES systems. data bank 


$]. in a production context. it is and analytic software form a CPPS 


ectors aud sensors on the shopfloor 


combination of seusme. control, computation and network 


outcomes t the real world through physical processes [ 
referred to as a CPPS 
DT A digital nvin (DT) is a di 


tal representation of a physical unit (peal device. object Real-tume data from machmes and 


machine, service. or itang asset) or product-service system that comprises its sensors. enriched with ERP ani MES 
selected charactenstics, properties. conditions. and behaviors by means of models, data, create a digital twin from the 
= information, and data within a single y across Multiple life cycle phases [26] processing data. machine data, value and 
2 material Now data of the process chain 
2 NoT The Wnteraet of Things (loT) form the infrastructure for the networking of cyber-physical The MoT enables the commuication of 
p systems and enables people and CPS to have controlling, coordinating and location- the Industry 4.0 components and 
independent 5 to the integrated CPS [27] The applicat f the foT m aa industnal provides the network for digital data 
context is referred to as Industral Inremet of Things (HoT) [18] collection aud the CPPS. 


Sensor A sensor is a device that detects the mpu ulus, Which can be auy quantity. property Sensors are coflecting data (power 


or condition from the physical environment le digital signal, compressed nir. waste, exhaust, etc.) and 
For instance, the input stimulus can be pressure. force, flow, light, heat, motion. humidity twansmit them digitally via NoT to a data 


sponds to a measur 


ot many other cuvirommental phenomena, The output signal is usually an electrical fonn “bank ot cloud 


of a signal (voltage, current. capacitance, resistance, frequency, ete ich is converted 
into a readable display or trausmitied electronic over a network [28] 


Artificial A subtopic of artificial mtelligence (AT) is machine 


ming, in which algorithms are used Machine leaming is used fo detect 


nielli- to recognise pattems and regnlarines. Solutions cau then be developed based on the anomalies m maunfacrunmng, e- 
= gence empirical data sets processing characteristics 
2 (Big) Data analysis can be divided mto the Categories system infrastrucne and analysis Data analysis methods are used to 
= Datu methods. While system inftasoucture focuses on preparing the data for analysis. analysts momitore efficiency or to predict power 
Analytics methods focus on how to gam insights from the data. The latter are divided into performance for demand side 
descriptive, predictive aud prescriptive wialyses [29] Management or peak shaving 


Therefore, 14.0 technologies are recognised as a key facilitator in SM [6, 30]. Kumar 
et al. take a different perspective, noting that SMEs are under enormous pressure to pro- 
duce more sustainable. Stakeholders ask SMEs to implement sustainability and request, 
for example, information on resource, material and energy consumption or their carbon 
footprint. The application of 14.0 may support SME in these efforts [3 1]. However, due to 
their economic footprint, SMEs are one of the most important pillars for the sustainable 
growth of national economies [30]. 
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2.3 Industry 4.0 Challenges for SME and Small Volume Production 


Large manufacturers are often taking a leading role in the adoption of technologies 
as they have greater opportunities to embrace and transform them, while many SMEs 
are reluctant to adopt [32]. The main barriers for adopting 14.0 are a lack of expertise 
and a short-term strategy mindset [33, 34]. In addition, limited IT skills, capacities and 
investment costs are a common concern [35]. SMEs’ production is often characterised 
by heterogeneous machines of different ages, from different manufacturers and with a 
variety of protocols and sometimes missing processing information (brownfield) [36]. 
Or it is a production that not infrequently also has a batch size of up to 1. 

Studies tend to focus on global companies. Consequently, SMEs are often treated 
similarly in their transformation towards SM and 14.0, although they have different 
requirements. Thus, research is needed to support SMEs that help smaller players to 
continue or implement 14.0 innovations. Due to limited capacities, technologies need to 
prove their benefits quickly in order to be pursued further in SMEs. 14.0 applications for 
SMEs therefore require solutions that have low barriers to entry [35]. 


3 Framework for a Digital Twin for Sustainable Manufacturing 


3.1 Method of Value and Material Flow Analysis in the Context of 14.0 


Increasing sustainability in manufacturing is related to inputs and outputs, internal and 
external process parameters and characteristics, machining time, quality and the condi- 
tion of machines and tools. Therefore, a combined value and material flow analysis was 
developed as a methodological basis in the context of 14.0 [37]. Depending on the aim 
of SM, the availability of (digital) data from different sources, ranging from ERP and 
MES systems to product data and machine and sensor data, is analysed and missing data 
must be collected with the help of 14.0 technologies (Fig. 1). 


< Output (product) 
= Manulactiring process |... F produsi, 
Resource | material By-product 
Auxiliary © ‘Nusber ofeuuployce Emissions / waste 
Operation material 


shift: X 


data source / gathering 


ERP system . . 
MES sysiem + . . 
Prodact data - 

SPS . ... 


Sensors .. - + s.. 


Fig. 1. Value and material flow analysis in the context of 14.0 for SM 


Thus, 14.0 technologies offer a real-time, consistent and continuous collection of 
relevant data from the machines, sensors and operational information systems to imple- 
ment a digital twin for the value and material flow of a process chain. In combination 
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with data analytic methods and user-related process knowledge, the data-based value 
and material flow model can be used for various issues of SM. 


3.2 Framework for a Digital Twin in the Context of Sustainable Manufacturing 


The framework links the methodology of value and material flow analysis with the 
architecture of 14.0 real-time based information, communication and data processing 
technologies. The stored data are then used to provide real-time data for operations 
profitability, energy and resource efficiency towards digital twins. The framework is 
developed for a brownfield approach that allows SMEs to retrofit their existing machines 
with 14.0 technologies regardless of heterogenous machine types, age, data format. Aim 
is to provide an 14.0 based solution for SM with a low entry threshold (Fig. 2). 


Digital Twin 
mes. O z examples for applications 
Pow) MES Å \ 2 Data Data Data O— Monitoring of processes 
i oOo \ 3 gathering, processing and visualization / 
— xa \ \é and transfer siprage and analytics / — Process maps 
80 | on \ NE g Je 
ws p \ / Calculation of direct 
ae Td O lof ome O-C) NolekkD O-O  Grfium Oo 
i, OPC-LA Orange. YO operation costs and 
J H server Time series (esa iention | \ environmental impacts 
/ / \ 
Sensorik l f pia dalabiese (Db fins), 
BIB [z] (0; / z MOTT M" Min Lats (Analytics? M Energy management 
Sele a / = + data enrichment INS Peak shaving 
o< j 
HoT-Plutttonn 
ERP Buterprise Resource Planning System, MES Manufacture Execuuve System, POM Product Daia Management system 


Fig. 2. Architecture of the conceptional framework for SM 


Data from ERP, MES and PDM systems as well as machine data are collected with 
an OPC-UA server that converts them. While the machine data is real-time data from 
operations, the others are static data for process or product-specific analyses. Sensor 
data is collected by IoT connectors located at the machine site and transmitted using 
the messaging protocol MQTT (Message Queuing Telemetry Transport). In a next step, 
the data is processed with the object-based programming Node-RED and written to 
a database. Since the data is collected in small time steps, a time series database is 
recommended to process the flood of data appropriately in terms of time and storage 
capacity. The processed data serves as a digital backbone for visualization and analytics. 
Simple applications such as the monitoring of value and material flows as well as the 
utilization of machines are already possible with open source graphics programs. For 
data analytics, MatLab is recommended as a common tool for engineers. Descriptive 
analytics such as process maps for improved start-up of a process at the beginning of a 
shift to prescriptive analytics dealing with the energy peak shaving based on production 
planning and process data in order to reduce energy demand from the power grid. 


3.3 Application of the Conceptional Framework for SM 


The framework is applied in a small volume production in the furniture industry. It 
reflects typical processes from the panel sawing, edge banding and drilling and milling 
(Fig. 3). At shop floor level, the machines are equipped with IoT connectors, sensor 
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technology for power, compressed air, exhaust air and waste, with data being collected 
every 250 ms. In the periphery system, the compressor and exhaust air system are 
equipped with sensors (power). In addition, data is extracted from the CAD product 
configurator, ERP and MES systems. This data characterises the material, density and 
size of the material and the parts to be produced, machining data per process step, e.g. 
type of edge band, number of sides to be edged, number of drillings per part. The data 
collected by the IoT connectors is transmitted via the MQTT protocol and processed 
with Node-RED. The material and product data are provided via an OPC UA server. All 
data is written to a DBflux database; all data analytics are carried out with MatLab. 


Periphery Compressor Exhaust Air System 


Shop floor level 3 j $ RE: = ; 
Panel Saw Edge Banding Machine Drilling and Milling Machine 


elle Se mais] BO = E 
> | -> iin ae > fe 
~—— ——q = = r 


system boarder: gate-to-gate 


Fig. 3. Process chain in the furniture industry 


The digital backbone of real-time data, enriched with product and process data, 
enables diverse applications in terms of SM. In the field, a real time monitoring of energy 
and material consumption for a small volume production with a parameterized process 
model was developed based on real-time data (Fig. 4). This allocates the consumption and 
power demand to specific components. Further applications develops a parameterized 
process (chain) model for forecasting energy and material consumption or machine 
occupancy, assessment of the total power demand to shave energy peaks, and direct 
offsetting of energy and processing costs at component and product level; or calculation 
of cumulative energy demand or CO, footprint of a product. 


interior 
shelf 


Se 
Small volume NU 


productioin of interior 
a sideboard 


Fig. 4. Small volume production of a sideboard: Power demand monitoring by defined bandwidth 
with/without heater of a banding edge machine for glueing the edge 


Depending on the impacts and potentials of the manufacturing processes, SMEs need 
to derive strategies on how 14.0 can support sustainability efforts. 
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4 Conclusions 


Based on a combined value and material flow analysis, the conceptional framework 
presents an approach that can be applied to implement SM applications in the context 
of 14.0. The methodology of material flow analysis is mainly known among environ- 
mentally oriented economists and engineers, but qualifies as a suitable approach for 
SMEs by combining it with the well-known method of value flow analysis. To address 
the SME situation, the framework avoids proprietary solutions to create a digital twin. 
Furthermore, it focuses on a brownfield environment with machines from different man- 
ufacturers and different levels of digitalisation, as is often the case in SMEs. The 14.0 
hardware and software have a low barrier to entry in terms of costs and required skills. 
SMEs can apply it to a single process and then gradually extend it to others. Successes 
in real-time process monitoring and process maps encourage SMEs to take further steps. 
Various application as direct cost calculation or accounting of environmental impacts 
of products in small batch production are possible. However, there is a need for further 
research into solutions for a horizontal process integration. 
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Abstract. The primary goal of this paper was to uncover the drivers of digital 
transformation (DT) in the pharmaceutical industry. The Covid-19 pandemic and 
tightening regulatory standards in the global pharma industry necessitated pharma 
executives need to understand the most critical drivers of digitalizing the sector 
and charting a new path that improves production processes and streamlines these 
companies’ overall supply chain. This research aims to identify the drivers for DT 
in the pharmaceutical industry. The Web of Science Core Collection and Scopus 
gathered relevant data for the research study. The research employs objective 
analysis to ensure that more reliable conclusions were drawn following the study. 
The study also proposed that external and internal factors, such as supply chain 
difficulties and data silos, impact DT adoption in the pharmaceutical sector. 


Keywords: Digital transformation - Industry 4.0 - Pharma 4.0 - Pharmaceutical 
industry - Supply chain complexities 


1 Introduction 


This section clarifies the pharmaceutical sector during the pandemic and how it influences 
its activities. Pharmaceuticals were one of the most rapidly changing industries in 2020, 
with the adoption of new digital technologies becoming more common throughout the 
pandemic. Covid - 19 prompted a rise in the use of technology to halt the rapid spread 
and death of millions of people worldwide. These DTs ranged from big data analytics 
to aid in research and development (R&D) and clinical trials. Artificial Intelligence 
(AI) surveillance cameras and drone-borne cameras, among others, can not only collect 
real-time data on people’s locations but also track and restrict their mobility inside a 
monitored/locked-down area [1]. 

The pharmaceutical business is anticipated to spend more than $4.5 billion on DT by 
2030 [2, 3]. Pharmaceutical companies believe that implementing digital processes will 
result in savings of 20% or more, including a 17% reduction in expenses associated with 
poor product quality and a 14% reduction in delivery reliability. Lee et al. [4] predicted 
that Pharma 4.0 might increase output by 200% compared to current capabilities. They 
further underlined that digital changes and automation have resulted in more than 65% 
overall deviation reductions and 60-90% testing time reductions. 
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At the very least, the Covid-19 outbreak heightened global awareness of the need to 
accelerate the implementation of cutting-edge DT procedures [5, 6]. As a result, scientists 
worldwide reacted quickly, emphasizing the critical role those digital technologies play 
in mitigating the effects of new challenges like Ebola and the Covid Pandemic and 
assisting manufacturing companies in scaling up and improving the entire process from 
product development to market sales [7]. As a result, companies have been motivated to 
further progress on their DT journeys [8]. 

In this context, this paper will review pertinent literature, reveal the key drivers to 
a digitalized pharmaceutical space, identify relevant gaps and challenges, and highlight 
the benefits of adopting digitalization and its impact on operations in the pharma sector. 


2 Literature Review 


This section defines and gives clarity on what DT is with examples. DT is defined by 
researchers as a cultural development or construction of a business model, redefining firm 
capabilities, processes, and linkages to fundamentally disrupt established (traditional) 
business practices [7]. Furthermore, Carcary et al. [9] state that effective digitalization 
needs to develop diverse skills, which would change depending on the business climate 
and the company’s need to remain competitive. As a result, digital technology must 
be integrated into how businesses process and companies must effectively rethink and 
perhaps redesign their business models. Thoben et al. [10] described DT as “changes that 
digital technology causes or effects on all aspects of human existence”; however, this 
definition confounds the concept with its impact. Various DT definitions are accessible 
as scholars have sought to strengthen the DT concept by broadening the definition and 
terminology outside the sphere of usage [11]. It then makes some definitions overlap or 
mislead others, such as emerging digital technologies such as social networking, mobile 
analytics, and embedded devices. It enables significant commercial benefits such as 
improved customer experience, improved processes, or the creation of new business 
models [12]. 

The Internet of things (IoT), 3D printing, the Industrial Internet of things (HOT), 
Enterprise Resource Planning (ERP) Systems, Artificial Intelligence (AI), Machine 
Learning (ML), Big data (BD), and the convergence of physical manufacturing and 
digital technologies have all resulted from this revolution [13]. DT is inextricably linked 
to Industry 4.0, whether in the services or industrial sectors; it is the transformation 
that propels Industry 4.0 forward. Businesses are now ensuring that digitalization and 
automation eliminate mistakes that have the potential to harm their brand and result in 
massive financial losses. On the other hand, the pharmaceutical industry has a history 
of resistance to new technologies and digital solutions. Nonetheless, with the Covid- 
19 outbreak causing widespread concern and posing a continuing threat, digitalization 
appears to be the best way to ensure everyone has access to safe medication [2]. Environ- 
mental changes because of the growing population and pollution cause contention and 
disruption. Therefore, digitalization was required to address these environmental chal- 
lenges while simultaneously increasing competition, and improving customer relations, 
productivity, profitability, effective planning, problem-solving, and decision-making to 
continue delivering medical items [14]. 
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The pharmaceutical industries are extremely sophisticated in terms of technolog- 
ical use. However, in terms of operations, the sector has been quite conservative in 
embracing new technology thus far, relying on a long-established supply chain and 
manufacturing models [15]. The highly regulated environment in which pharmaceutical 
companies operate is an important factor. Digitalization has enormous potential to assist 
pharmaceutical businesses in addressing these difficulties of lack of integrated planning 
throughout the network. Companies across all industries are boosting operations through 
a collection of developing technologies known as Industry 4.0 [12]. 


3 Methodology 


This section describes the nature of the data obtained and selected to achieve the research 
purpose. The approach used to select and analyse articles is the Systematic Literature 
Network Analysis (SLNA) [16]. In addition, the web of science, Google scholar and 
Scopus were considered for literature analysis (2004 to 2022) [9]. Out of the 63 articles, 
14 were irrelevant abstracts, 16 were irrelevant to objectives, and 19 were used for the 
review. 
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Fig. 1. Systematic Literature Review. 


Figure | shows a structure crucial in performing a secondary investigation, such as a 
systematic literature review (SLR), to minimize bias in the study. The structure embodies 
the detailed plan for the review, specifying the process to be followed to achieve results 
and facts as findings [17]. 


4 Results and Findings 


The research findings and results displayed seven important motives for DT and its 
benefits in the pharmaceutical sector, as well as the influences of digitalization. There 
are several reasons why the pharmaceutical industry needs to be digitalized. Some of 
the key motivations for digital enablement adoption in pharma are as follows [18]: 
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e The need for effective data management practices, 

e Harnessing the expert knowledge of other industry players worldwide, 

Improving the frontiers of research related to the manufacturing of safe and quality 
pharma products, 

Supply chain complexities, 

The ever-changing needs of customers, 

Reducing production costs and increasing profitability, and 

The need for effective teamwork. 


Developing clear data management strategies is essential to avoid running out of 
data centre space and financial resources in the pharmaceutical industry due to the day- 
to-day creation of data. This data is valuable to pharma sector researchers for many 
reasons, including improving clinical trials, developing personalized medicines, and 
advancing new product research [7]. Digitalization improves supply chain visibility and 
speeds decision-making. As a result of digitalization, companies are more adaptable and 
responsive and improve planning accuracy, manufacturing efficiency, inventory, and 
service levels [18]. A digital supply chain ecosystem with virtual supply chain control 
tools, cloud-based information architecture, and a digitally enabled physical supply 
chain is required to capitalize on this opportunity. People, machines, and resources 
communicate as a cyber-physical system, improving all stages of the operations value 
chain: plan, source, and make. In addition, it allows manufacturers and distributors to 
reach previously inaccessible customers [3]. 

According to the findings, internal and external factors significantly impact the adop- 
tion of DTs in the pharmaceutical industry. The development of new drugs is too expen- 
sive, and clinical approval times are too long; this is one of many internal factors influ- 
encing DT. However, technology such as AI can help with data science tools for smart 
experimental design, data-driven decision-making, and process optimization [19]. Peo- 
ple with the necessary skills are scarce, making them expensive and limited in their time. 
Also, IoT, an enabler of CPS, interconnects real and digital components via embedded 
chips, sensors, and networks to create algorithms and replace judgments that rely on 
manual data analysis [20]. 

Given the time and money spent on drug R&D, medication discovery, clinical trials, 
product quality evaluation, pharma supply networks, and marketing, the pharmaceutical 
industry is unquestionably a large and complex ecosystem. As a result, understanding 
these forces will aid in developing appropriate structures or technologies to address the 
SWOT Pharma analysis (Fig. 2). 

Figure 2 illustrates the four main quadrants that drive pharma digitalization transfor- 
mation. Large capital investments are required to transform an organization’s operations 
digitally. Pharmaceutical companies with larger financial cashflows have an advantage 
in adopting and implementing newer technologies. Brand image is critical to those in the 
pharmaceutical industry who are quickly adopting new technologies. Pharma executives 
at these companies are more likely to adopt and implement technologies that will further 
strengthen their market position. A deeper understanding of these technologies and more 
efficient ways of doing things, combined with structural flexibility, all contribute to the 
early adoption and implementation of digital enablers. 
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Fig. 2. SWOT Pharma Analysis, the four quadrants that identify pharma company strengths, 
weaknesses, opportunities for digitalization, and threats for adoption and implementation 


Regardless of the propellers to digital enabler adaptation, low quality and produc- 
tion capacity, data silos, broken audit trails, and a lack of optimization for equipment 
and processes all impede the drive towards 4.0 pharma activities. Covid-19 Pandemic 
presented and accelerated the adoption of advanced technologies, hastening the develop- 
ment of vaccines [3]. This, along with other external factors such as customer demand, 
regulatory requirements from standard authorities, and conflicts such as the one between 
Russia and Ukraine, present opportunities to further enhance and expand the frontiers of 
digitalization in the pharmaceutical sector. However, there are some perceived barriers 
to DT adoption. These may include industry competition, supply chain complexities, 
the risk of reputational damage, data losses, and a variety of other unknowns. 

Digitalizing the processes that support the pharmaceutical industry can significantly 
improve the quality of some critical industrial processes such as documentation and 
materials management, and logistical challenges, making them safer, more efficient, 
and more consistent. This considerably reduces the barrier of supply chain complexity, 
which is a big lure to the digitalization agenda. Furthermore, the study discovered that 
it has a higher impact when digitalization is applied to all aspects of a business. As a 
result, it is critical to determine whether there are any project dependencies or possible 
synergies. The digitalization of a process may affect other developments consistent with 
the work of [21]. As a result, to properly digitalize processes, it is important to identify 
cross-divisional activities and establish their ownership. 

Finally, the study discovered that supply chain difficulties, worldwide pandemics 
such as Covid -19, demand shifts, and regulatory requirements all positively influenced 
the adoption of DT in the pharmaceutical sectors. 


5 Conclusions and Further Research 


Digitalization is unquestionably playing a key role in catalysing a paradigm change in 
the pharmaceutical sector. It can also be concluded that, despite significant efforts in 
digitalization over the past three years since Covid’s initial strike, the pharmaceutical 
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industry has been resistant to digital implementation. It resulted in very slow progress in 
the sector’s digitalization. As a result, production costs, employee skills, efficiency, cus- 
tomer satisfaction, breaking new ground and discovering cutting-edge quality products, 
enhanced digital platforms through data acquisition and protection, tracking various 
aspects of production, and many other factors are impacted. The push for a fully dig- 
italized pharmaceutical industry is more pressing than ever primarily because digital 
platform enablers improve processes such as data collection, real-time information shar- 
ing of trial results, and the ability to track various aspects of productions. However, it 
also aids in reducing the complexities that have plagued the pharma industry over the 
years. 

As with any other type of change, industry participants should expect challenges 
in managing these initiatives, as outlined above, employee resistance to the proposed 
change, flaws in the adoption process, and overall implementation lag. However, this 
can be effectively managed by engaging employees and providing training on new and 
innovative working methods while also committing to their job security and benefit. 

The pharmaceutical sector must implement digital standards that ensure partner 
compatibility to address cybersecurity concerns. Pharmaceutical companies must also 
have the necessary resources, such as a multidisciplinary team of specialists and the 
funds to make the required investments. Technological advances will have an impact on 
the pharmaceutical industry. Industrial productions are linked with modern information 
and communication technology as part of the digitalization process, allowing for a self- 
organized manufacturing process and capturing important, usable data [21]. Further 
researchers are encouraged to broaden the scope of this research by investigating all 
other aspects of the pharmaceutical supply. 
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Abstract. To prevent outflow of defective products to customers, many manu- 
facturing industries have focused not only on processing and assembling, but also 
on product inspection. In appearance inspection, a work support system using 
deep learning has been proposed, and its usefulness was experimentally shown 
in model images of industrial product in recent years. Therefore, in this study, 
aiming for practical application of work support system, the relationship between 
the lighting angles and the visibility of defects is experimentally evaluated using 
80 actual automobile parts as a case study. As results, it is found that the visibility 
of the defect greatly differs depending on the angle of lighting, and the conditions 
for high visibility differ depending on the defect. Furthermore, it is found that it 
is possible to improve the visibility of defects in about 24% of all 80 automobile 
parts, but, it is difficult to improve the visibility of defects for the remaining 76%. 
From the above, for the practical application of the work support system, it is clari- 
fied that the importance of constructing of lighting condition optimization method 
to improve the visibility of defects, and examining the input image considering 
the visibility of defects for deep learning. 


Keywords: Appearance Inspection - Work Support - Machine Learning 


1 Introduction 


In manufacturing processes, appearance inspections are conducted to ensure that indus- 
trial products are free of scratches, stains, and other visible defects. During an appearance 
inspection, it is difficult to reliably detect a wide variety of defects that occur in the pro- 
duction process and correctly distinguish between good and defective products simulta- 
neously based on appearance inspection standards. Therefore, human visual (sensory) 
inspection is used commonly in the field. In addition, as production patterns shift to 
high-mix low-volume production schemes, automated inspections have not progressed 
because they are not cost-effective in terms of development, introduction, and operation 
costs [1]. 

In response to these problems, recent studies focusing on appearance inspection have 
taken an ergonomic approach to human visual inspection [2], as well as an approach 
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using image processing and machine learning [3] for machine-based visual inspection, 
aiming to improve inspection accuracy and efficiency. Recently, a work support system 
has been proposed that combines the findings of the two approaches, in which a machine 
searches for defects and a human inspector categorizes the results. The effectiveness this 
approach has been experimentally demonstrated on model images that imitate industrial 
products [4]. Specifically, the work support concept entails using a camera to capture 
images of the product before it is sent to the human inspector and presenting the results 
of the computer analysis to the human inspector on a display, so that only potentially 
defective items are inspected. 

The work support system can be configured using commercially available inexpen- 
sive cameras and computers that conduct machine learning (Deep Learning) with product 
images as input; there is no need to set individual features for each product. In other 
words, this approach directly addresses the cost-effectiveness issue discussed above and 
could be widely applicable to many industrial products. 

However, the usual defects in actual industrial products have certain characteristics 
that affect the visibility of defects greatly depending on the lighting conditions [5]. 
Therefore, product images taken under appropriate lighting conditions should be used 
as input images. The usefulness of the work support system has not yet been demonstrated 
while considering such defect characteristics. 

Therefore, in this study, we experimentally evaluate the relationship between light- 
ing condition and visibility of defects as a case study on actual automobile parts. Our 
objective is to study the practical applicability of the work support system based on an 
understanding of the defect characteristics. 


2 Experimental Design 


2.1 Target Products and Image Capture Environment 


The target products collected and used were 80 defective automobile parts measuring 
87.5 mm in length and 440.0 mm in width produced by Company A. The breakdown of 
defects in the 80 parts was, 20 bumps, 14 scratches, 11 dust spots, 7 paint over-sprays, 8 
thread debris, 7 dents, 6 irregularities, 4 white spots, and 3 stains. In the image capture 
environment, shown in Fig. 1, the camera (Nikon, D5500) and target product were fixed 
in position. Moreover, two planar illuminators (SUNTECH, LG-E268C) were used at 
different positions and angles to capture images under various lighting conditions. 


2.2 Experimental Factors 


Nine types of defects (bumps, scratches, dust spots, paint over-sprays, thread debris, 
dents, irregularities, white spots, and stains) were used as experimental factors. As shown 
in Fig. 2, the angle O between the illuminator and target product was set at five settings 
(-60°, —30°, 0°, 30°, and 60°). Note that 0° is the position perpendicular to the target 
product, —60° and —30° denote position after counterclockwise rotation, and 30° and 
60° denote position after clockwise rotation. Based on these experimental factors, a 
total of 400 images were captured and used in the experiment for a combination of 80 
defective products (9 types) with 5 lighting angle settings. 
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2.3 Methods for Evaluating Visibility of Defects 


Three university students (including graduate students) aged 21 to 24 years participated 
as evaluators to conduct subjective evaluation of a total of 400 images on a 5-point 
scale of 1 (invisible), 2 (somewhat visible), 3 (visible), 4 (somewhat easily visible), and 
5 (easily visible). The mean and standard deviation of the scores given by the three 
evaluators for each image were then used as the values for evaluating the visibility of 
defects. In this study, university students with no experience in appearance inspection 
were recruited as evaluators but we believe that it is necessary to recruit experts in the 
appearance inspection processes as evaluators in the future. 


3 Experimental Results 


The mean and standard deviation of the evaluated defect values are shown in Fig. 3, 
which depicts that the highest visibility rating was 4.0 for white spots and lowest was 
1.5 for irregularities, indicating that visibility varies greatly depending on the type of 
defect. It was also observed that the standard deviation was large for some types of 
defects, such as bumps and paint over-sprays, and visibility of defects differed even for 
the same type of defect. 

Next, the evaluation values with respect to lighting angle for each defect are shown 
in Fig. 4. The figure depicts that the effect of lighting angle differs depending on the 
defect type. For example, some defects, such as white spots and scratches, have higher 
visibility ratings at —60° and 60°, while others, such as stains, have higher ratings at 
0°, and some defects, such as paint over-sprays and bumps, have the same level at all 
lighting angles. 
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Fig. 4. The evaluation values with respect to lighting angle for each defect 


4 Discussion 


The experimental results demonstrated that visibility differs for each defect type, as well 
as the same defect type under different lighting conditions. Furthermore, the effect of 
lighting angle differs depending on the type of defect. Therefore, a plot of the mean 
and standard deviation values of the evaluation results for each individual defect is 
shown in Fig. 5. The figure clearly demonstrates that it is important to evaluate and 
understand the characteristics of individual defects as well as their types and consider 
their applicability to work support systems because some defects of the same type have 
different characteristics. 

If Fig. 4 is divided into four quadrants, defects in the second quadrant are visible 
regardless of the lighting angle and are categorized as a group of defects that are easily 
detected by the work support system. The defects belonging to the first quadrant may be 
visible depending on the lighting angle and are considered to be detectable by the work 
support system by appropriately considering the image capture conditions of the input 
image. However, we can also confirm that only approximately 24% of all the defects 
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Fig. 5. aplot of the mean and standard deviation values of the evaluation results for each individual 
defects 


belong to the first and second quadrants. In contrast, the number of defects belonging 
to the third and fourth quadrants was approximately 76% of the total. Subsequently, we 
determined that measures need to be considered for practical use because the product 
images as they are cannot be effective inputs to the work support system for the target 
products considered in this study. 

The abovementioned findings elucidated that to put the work support system into 
practical use, it is important to construct a methodology to further pursue lighting con- 
ditions that increase the visibility of defects and take images considering the visibility 
of defects as input images for deep learning. 


5 Conclusion 


In this study, the relationship between lighting condition and defect visibility was experi- 
mentally evaluated using 80 actual automobile parts to realize a novel appearance inspec- 
tion method based on human-machine integration. The results confirmed that the visi- 
bility and its characteristics differ for each type of defect, as well as the same type of 
defect under different lighting conditions. We also found that for about 24% of the total 
of 80 defects the visibility was sufficiently high depending on the lighting condition, 
while for the remaining 76%, the visibility was not sufficiently ensured. These findings 
elucidated that to put the work support system into practical use, it is important to con- 
struct a methodology to further pursue lighting conditions that increase the visibility of 
defects and take images that consider the visibility of defects in input images for deep 
learning. 

In future studies, we would like to use inspectors who are field experts as evaluators 
to assess more detailed defect characteristics, propose appropriate lighting conditions 
based on a better understanding of the defects, and apply the subsequent result to the 
work support system to confirm its usefulness. 
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Abstract. In this paper, a framework for the development and implementation of 
a low-cost, “low-code”, information system, for the digitalization of small busi- 
nesses, in the retail and manufacturing sectors is developed and employed. The 
purpose of this framework is to enable small businesses, that lack the technical 
expertise and financial resources to invest in proprietary information system tech- 
nology, to develop systems by leveraging freely available cloud-based tools like 
Google Forms, Google Sheets, and Google Sites. A thorough literature review of 
the concept of digitalization is conducted. Thereafter, a small business suitable for 
digital transformation is identified. Based on the system requirements an informa- 
tion system relevant to the business is developed and implemented. Finally, guide- 
lines are proposed for the development and implementation of similar systems in 
other small businesses. 


Keywords: framework - digitalization - information system 


1 Introduction 


The terms digitization and digitalization are used interchangeably in the literature. How- 
ever, for the purposes of this paper, a clear distinction is made between digitization and 
digitalization. Digitization refers only to the conversion of analog information, such as 
a paper document, into a digital format such as a pdf document [1]. Digitalization is 
a more encompassing term and refers to the ongoing transformation of business pro- 
cesses because of new digital technologies [2]. Organizations have long recognized the 
importance of managing key resources such as people and raw materials. Now, infor- 
mation has moved to its rightful place as a key resource. Decision-makers understand 
that information is not just a by-product of conducting business; rather, it fuels busi- 
ness and can be the critical factor in determining the success or failure of a business 
[3]. Until recently, there has been slow progress towards leveraging information as a 
resource amongst small South African businesses, perhaps the result of more than half 
of its citizens living below the poverty line [4]. However, since the onset of the Covid-19 
pandemic SMEs, which make up over 98% of businesses and employ more than 50% 
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of workers in South Africa, have begun their digital transformation [5]. In 2018 PWC’s 
Strategy and Global Digital Operations study found that only 10% of global manufac- 
turing companies were considered “Digital Champions”, whilst almost two-thirds had 
barely begun or had not yet begun the digital transformation journey [6]. In 2022, the 
race toward digitalization is in full swing, but the truth is that most small South African 
businesses lack the resources and skills to make the transition to a digital, data-driven 
business model [7]. If these businesses are to compete in the modern digital environ- 
ment, then harnessing the power of the data they generate will be paramount. However, 
this poses a difficult question “How do small businesses rapidly harness the power of 
their data at low cost, with low skills, and in an environmentally sustainable way?”. 
Digitalization is a resource-intensive process and involves the production of computing 
equipment, the design of software and database infrastructure, and the cost of maintain- 
ing and operating a system once in place [8]. The environmental impact of constructing 
server rooms, writing software, and maintaining the systems themselves is huge [9]. 
Moreover, alternatives such as Software as a Service (SaaS) can be prohibitively costly. 
The solution lies in being able to construct information systems in a low-cost, low-skill 
manner and bring them to life using sustainable cloud infrastructure. Not every company 
can afford to power its servers with renewable energy, but Google can. 


2 Literature Review 


2.1 Concept 


Digitalization is defined by Gartner [10] as “The use of digital technologies to change a 
business model and provide new revenue and value-producing opportunities; it is the pro- 
cess of moving to a digital business.”. This covers the implementation of the technology 
required to support digital systems, as well as the updating of business models to syn- 
ergize with the capabilities of the new technology. The image of factory workers laying 
down their hand tools and learning to operate automated machines springs to mind. Dig- 
italization can be divided into 4 overarching levels [11]: (1) process level: streamlining 
processes by adopting new digital tools and reducing manual steps, (2) organizational 
level: offering new or improved services and discarding obsolete practices, (3) business 
domain level: changing roles and value chains in ecosystems, (4) societal level: changing 
societal structures (e.g., type of work, means of influencing societal decision making). 
The framework discussed here is germane to the process level of digitalization. 


2.2 Benefits 


Globally, the application of digital technologies in SMEs has disrupted and revolution- 
ized many industries and organizations [12, 13]. There are a variety of benefits associated 
with digitalization including replacing manual steps in information-intensive processes, 
resulting in more streamlined and effectual actions [11]. Moreover, data tracked in real- 
time allows workflows to become more transparent [14], and identifies areas in need of 
process improvement, which can result in cost reduction [15, 16]. The more parts along 
the value chain that are digitalized the greater the resource savings as fewer people, less 
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work, and more data visibility enable greater control, foresight, planning, and decision 
making [17]. Without the means to implement information systems small businesses in 
South Africa are left at a disadvantage. 


2.3 Limitations 


Digitalization has great promise, but it is not without its limitations. Digitalization typ- 
ically requires advanced computing infrastructure like servers, and or datacenters. Usu- 
ally, the associated software must be created or bought from other companies. Creating 
on-site information systems requires highly skilled workers, time, and money [18]. Buy- 
ing software and offsite infrastructure often limits the capabilities the organization might 
be able to derive from the system and comes at a premium, often recurring, cost [19]. 
Neither of these solutions hold much promise for a low income and technologically 
limited small business owner. 


2.4 Sustainability 


As the use of information technology becomes more ubiquitous, the need for data pro- 
cessing and storage capabilities increases. This results in the construction and operation 
of large data center facilities that house thousands of servers and serve as the backbone 
for all types of computational processes [20]. Unfortunately, as processing power and 
storage capacity increase, so do the corresponding power and cooling requirements of 
the data centers. Several studies have examined the efficiency of data centers by focus- 
ing on server and cooling power inputs, but this fails to capture the data center’s entire 
impact [21-23]. To fully account for the environmental impact of these resources the 
materials, manufacture, and transportation of the servers themselves should also be con- 
sidered. Large, centralized data centers can offset the emissions of manufacturing by 
distributing the required compute over many servers and using algorithmic control of 
power supplies, minimizing idle time, and maximizing resource utilization [24, 25]. For 
many small businesses, the capital involved in this is prohibitive. However, many do 
have access to at least one computer or a mobile phone, which could be used as a link 
to an outsourced data center. 


2.5 Mobile and Cloud 


A promising solution to the problem of high energy consumption is the use of “green 
data centers”. That is, data centers that run primarily on green renewable energy. Google 
has been carbon neutral since 2007, currently matches 100% of its energy consumption 
with renewable energy and has eliminated its entire carbon legacy pre-2007 through the 
purchase of high-quality carbon offsets [26]. Not all companies can afford to run such a 
clean data center and thus the prospect of outsourcing the hardware needs to Google is 
attractive. Furthermore, small businesses stand to benefit from the suite of free cloud- 
based applications like Google Sheets, and Google Sites, which are all integrated into 
the Google Cloud ecosystem. The use of these applications requires little to no training, 
and they are accessible for free to anyone, anywhere, anytime. Moreover, the fact that 
it is cloud-based and mobile-friendly means that the user would need little more than a 
smartphone to leverage these services. 
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2.6 Existing Research 


Previous research has focused on implementation in companies that are well established 
and have the economic resources to develop or buy their own information systems [27]. 
Furthermore, the high investment requirements for new 14.0 applications and limited 
availability of skilled staff are regarded as the biggest obstacles to 14.0 implementation 
[28]. The purpose of this paper is to explore the potential of using free cloud-based 
software to allow low-income, unskilled business owners to build their own informa- 
tion systems. Research in this area is sparse as it is generally assumed that financial 
resources are a prerequisite for the development of an information system [29]. How- 
ever, the emergence of the cloud has opened new avenues that may potentially allow 
these unskilled individuals to leverage technologies previously inaccessible to them. 
Using Google as the model of a cloud-based “green data center” and their suite of free 
cloud-based applications and tools the proceeding methodology seeks to design and 
implement an information system that could be replicated by a small business, even 
without advanced skills or large capital outlay. 


3 Methodology 


3.1 Candidate Selection and Analysis 


A candidate business was selected on the grounds of its apt representation of a small, 
paper-based business in South Africa. The business was analyzed and discussions with 
the owner and employees were conducted. Key areas of interest were identified and 
added to the system to maximize its utility without allowing the system architecture to 
become overcomplicated. The business processes associated with the new system were 
analyzed, improved, and redesigned to interface with the system. 


3.2 System Specifications 


Interviews and discussions with the stakeholders of the business eventually generated a 
list of requirements for the system. Potential additions to the system were scrutinized 
and only the requirements with the greatest potential return on investment were used to 
minimize complexity. The user requirements were further processed into a set of system 
requirements which were then finally reduced to a set of specifications that the system 
must meet to satisfy the needs of the business. 


3.3 System Architecture 


The tools used for synthesizing the system were restricted to those that are freely available 
and mobile friendly. The ecosystem of applications used included Google Forms (data 
capture), Google Sheets (data storage), Google Data Studio (data processing), Google 
Sites (interfacing host), and Scan2Web (QR code scanner). The system was designed to 
be usable with only a smartphone and is almost entirely cloud based apart from the QR 
scanning app which must be installed onto the user’s phone. 
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Fig. 1. A collection of screenshots of the mobile friendly interface showing the UI and chart 
outputs for some dummy data. 


4 Results 


The resulting information system was focused on kitchen stock control. The user inter- 
face takes the form of a website, hosting forms for data capture and reports displaying 
graphical analysis of the data. The stock level of the freezer and fridge are shown as line 
charts which can be filtered by product and aggregated at various time intervals. Several 
KPIs including spoilage and stock days remaining are calculated and displayed on the 
website (see Fig. 1, above). 


4.1 Candidate Selection and Analysis 


Fig. 2. A comparison of the old and new business processes (ROP stands for Re-Order Point). 


“Chisa nyama (also spelled shisa nyama or chesa nyama) is a Zulu word - literally 
meaning ‘burn meat’ - used to describe a popular ‘buy-and-braai’ style of venue found 
across South Africa, particularly in townships. At a chisa nyama, you choose your own 
meat from an attached butchery and then have it barbecued, or in some cases ‘braai’ 
(barbecue) it yourself.” [30]. A chisa nyama operating out of Bellville, Cape Town 
was selected. The small business was paper-based, and the owners did not have access 
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to anything beyond a smartphone and a cash register that can print receipts and sales 
reports. Analysis of the current business processes, including discussions with the owner 
and employees, eventually led to the coda that tracking of kitchen stock levels held 
the greatest potential for improvement. This choice was motivated by high uncertainty 
surrounding the true stock levels in the kitchen, excessive theft, spoilage of stock, and 
disproportionate labor allocation towards stocktaking activities. The associated business 
processes were redesigned to incorporate the new technology and streamline the tasks 
of the worker (see Fig. 2, above). 


4.2 System Requirements and Specifications 


See Table 1 


Table 1. A table summarizing the conversion of user requirements into system specifications. 


User Requirements System Requirements System Specifications 
See the current stock levels of | Track freezer stock QR scanner, calculate stock 
frozen and defrosted stock transactions levels, store in a normalized 


table, and display as a 
time-series line chart 


Be able to track and monitor Compare daily stock takes to | Stocktake form, calculate 
spoilage expected stock levels spoilage, store in a normalized 
table, and display as a 
time-series line chart 


Decide when to order stock Track average demand and | Sales form, calculate average 

and in what quantity calculate stock control KPIs | demand, calculate stock 
control KPIs, and display 
KPIs in a table 


4.3 System Architecture 


The system was split up into three distinct modules, namely data capture, data processing, 
and data visualization. The first module relied primarily on the use of web forms created 
in Google Forms, in addition to a QR scanning app, to capture data from business 
operations. It consists of three forms for capturing purchases, sales, and stocktakes and 
the app for tracking freezer stock. The second module processes that data with Google 
Sheets into normal data tables. The normalized data tables were used as a database to 
feed Google Data Studio which then output visualizations of the data in the form of 
charts and KPI’s. Lastly all three modules were hosted in a Google Sites website for 
easy navigation between capturing and viewing data. 


548 R. Parker and S. Matope 
5 Discussion 


The reception from employees was positive with many stating the system had eased 
their workloads. Furthermore, management reported that they had greater control over 
their stock and were able to eliminate or decrease several sources of waste. The owner 
is grateful for the mobile interface as there was no need to buy a computer. 


6 Conclusion 


The methodology proved to be a viable way for a small business to begin their digital 
transformation. The benefits were tangible and achievable. It is recommended that any- 
one attempting to replicate this methodology research relational databases and systems 
design. The system whilst successful still suffers from several limitations. Developing 
complex algorithms or logic using only Google Sheets is challenging. Further, the row 
limit of one million data entries per sheet means that the database would eventually need 
to be cleaned out to avoid obsolescence. 
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Abstract. In the context of urban production and sustainable reuse of existing 
buildings, a detailed planning of the later usage is indispensable. One approach is 
to enable large-scale AR simulation on site with a sufficient Level of Detail (LoD) 
and stability. To determine performance metrics, a technology-stack is created 
and presented that enables a realistic field experiment in an industrial environ- 
ment (area of 1,314 m°) using Microsoft HoloLens 2. For the experiment, a 3D 
model was instantiated as often as possible up to the limit of system stability and 
in different LoDs (100% down to 10%). The result shows that it is feasible to rep- 
resent 2.63 million polygons (equivalent to about 1,909 m? of augmented space) 
on LOD-35%; LoD-100% is equivalent to 327.38 m? and 1,284 million polygons. 
Polygonal density [polygons/m?] is introduced as new indicator for better com- 
parability when using 3D models. Thus, it is possible to immersively visualize 
urban production planning processes in large-scale scenarios. This expands the 
functional planning space of Urban Production and overcomes previous technical 
limitations. 


Keywords: Augmented Reality - Urban Production - Large Scale Industry 
Scenario - Industrial Metaverse - Stability - Resilience - Rendering - 
Performance - Sustainability 


1 Introduction 


Current research contributions identify possible synergies from digitization and sus- 
tainability [1, 2]. In contrast to typical definitions of sustainability, which are mainly 
characterized by environmental, social and economic factors, there are also domain- 
specific factors. In the industrial context, sustainability also refers to areas such as emis- 
sions, products and services, transportation, appropriate working conditions, community 
relations, economic performance, and market presence [3]. These areas of industrial sus- 
tainability are enhanced by utilizing modern concepts of urban production (UP). UP is 
defined as a production system that creates value for real goods and services based on 
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transformative processes of input flows in urban space [4, p. 28]. UP of sustainable prod- 
ucts is enabled by city-friendly factories and production systems on behalf of all partners 
[5]. This paper presents a technology stack as an immersive tool for UP concepts with 
its direct contribution to sustainability. In addition, the reliability and performance of 
the system under the constraints of UP requirements and their indirect effects towards 
sustainability are discussed [6-8]. 


2 Related Work 


The symbiosis of the UP provides a sustainable contribution to the optimization of the 
ecosystem and the minimization of negative effects in several aspects [5]. Workplace 
and residential areas can merge and the social benefits can offer a more flexible work-life 
balance [9]. Energy and exhaust heat recovered from industrial processes can be made 
available for heating private housing due to sector coupling for example [10]. A main 
strategy of UP rests in the efficient use of already existing infrastructure and its sealed 
areas for sustainable industrial use [11]. To improve the competitive market position and 
to enhance the regional economy, the local, decentralized potentials of manufacturers, 
customers, services and lean supply chains can be used efficiently [12]. 

One challenge is the ‘space dilemma’, which is the lack of industrially available space 
versus the increasing need for production space to ensure growth and value creation [11 
p. 3]. UP fulfils the requirements for the sustainable repurposing of vacant buildings 
in the so-called “Greyfields’ to avoid unnecessary sealing of surfaces. The challenges 
of sustainable industrial parks in urban environments are not only in the appropriate 
site selection, but also in the implementation, considering constraints such as space and 
cost issues, regulatory issues, emissions, pollution, odors, noise, vibrations, planning, 
construction, logistics and traffic [12].The realignment of production to be designed with 
the involvement of all stakeholders, taking into account life-friendly conditions in terms 
of optimization, growth, customer integration and resource sharing [12]. 

For the assessment of potential locations and variants of the UP concepts, different 
methods are suggested. Augmented Reality (AR) can support the five stages of evaluation 
(analysis, scenario development, location selection, scenario evaluation and planning 
implementation) [13] and improve planning processes in general [14]. Stakeholders and 
developers of UP planning concepts can be displayed relevant, contextual information 
straight ahead in the field of view at the place of fulfilment [15]. 


3 Concept 


The conclusion of the related work indicates that the objectives of the UP concepts 
can be sustainably supported by the use of augmented reality technology in decision- 
making and concept development. Based on the ‘ultra-efficiency approach’ [16], an 
immersive implementation is created. This allows the relevant interrelationships of the 
five areas, including material (white lines), energy (orange lines), people (yellow lines) 
and emissions (violet lines), to be displayed and examined in an AR simulation at the 
point of performance (Fig. 1) [16]. 
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Fig. 1. Mockup of an AR UP scene with production and distribution close to the customers. In 
the scenario, both interconnection (highlighted purple emissions, orange energy, yellow people, 
white material) and value stream planning combined with sector coupling (utilisation of process 
heat and excessive energy for private residences) are based on [16] 


3.1 Research Demand and Research Question 


In this context, the research demand focuses on the challenge of a resilient, usable AR 
planning application that fulfils the requirements of the UP dimensions including the 
necessary rendering performance. These challenges are met in a mixed reality application 
comparable to the mobile AR field [17]. The present research design is designed to meet 
the following research question: What is the maximum amount of augmented volume or 
how many 3D models can be rendered in one AR scene as a function of the level of detail 
(LoD) using ‘On-Device-Rendering’? 


3.2 Implementation of the Application 


The application (Fig. 2) represents an implementation of an AR system for visualization 
of complex, spatial planning scenarios. The goal is an AR implementation approach for 
UP application that can be provided for a lean, SME-suitable process to masters the trade- 
off of sufficient detail and quality of immersive information (3D models and contextual 
annotations) with sufficient system robustness. Different native formats CAD, BIM or 
3D models have to be manually processed as mesh-based, textured 3D models according 
to a defined asset pipeline. The models are uploaded in the mixed reality application at 
runtime via a web-based AR content management system. Due to the specified require- 
ments, such as a low-budget solution, low complexity and independence of technology 
providers, the approach of cloud rendering was not preferred. The following approach 
was implemented: 

To render the geometric information in the HMD hardware, the first step is to load 
a 3D model onto the client at runtime of the application. For this, an asynchronous 
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Fig. 2. System architecture of the implementation 


HTTP request is sent to the webservice by an user input. This serves as an abstraction 
layer for the provision of the file-based data storage of the 3D models. After the file 
has been successfully downloaded, an asset template is created, which functions as a 
placeholder for the geometric information. This template provides the application logic 
for interactions, which remains the same for all instances, and provides the adjustments to 
the visualization of the exchangeable geometric data. The loaded mesh and the respective 
textures are inserted into this placeholder and stored on the device for later instantiations. 
Afterwards, a concrete instance of the complete asset (e.g. 3D model of the UP planning 
scene) is created and added with meta information, including an optional scaling factor, 
an asset name and a dynamically generated instance ID. This information is listed via 
user interface for the identification of all instances loaded in the scene. Subsequently, the 
animation data optionally available in the loaded file is converted into animation objects 
and an animation dialogue is made available to them on the user interface. Finally, the 
instance is inserted as a node in the scene graph of the 3D engine and is located relative 
to the real environment using a spatial anchor. 


4 Methodology 


To explore the overall system capability (performance) of the aforementioned imple- 
mentation, the following DOE is developed: 


4.1 Design of Experiment (DOE) 


The objective of the experiment is to examine the maximum number of 3D models 
considering predefined Level of Detail (LoD) in the industrial context. The number of 
simultaneously rendered 3D models and the LoD are defined as independent variables. 
As dependent variable the system stability is evaluated. Starting from zero, the number 
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of 3D models is continuously increased. Four different LoD are defined by manipulating 
the number of polygons and resolution of the mono-texture (Table 1). As an indirect 
metric, the polygon density in the unit polygons/m? was derived (Eq. 1) [18]: 


. total polygone count 
polygonal density = (1) 
augmented volume 


The LoD is selected based on prior experience in the industrial context and the 
subjective quality assessment depending on the available model for the experiment. 
Starting from a high-quality model by the asset pipeline, the number of polygons and 
the texture resolution are successively reduced in percentage. The structural complexity 
of the object hierarchy is reduced to a singular level. 


Table 1. Predefined LoD as function of number of polygons, density and texture 


level of detail [%] | number of polygons | polygone density [polygons/m? ] | texture resolution 
[MP] 

100 107,000 3,922 1.05 

50 53,600 1,963 0.52 

35 37,500 1,374 0.37 

10 10,700 392 0.11 


To ensure the system stability, the displayable frames per seconds (FPS) are validated 
against the threshold 20 FPS by the system performance dialogue (current RAM load 
and FPS). Above 20 FPS, the usability of the system is assumed. According to the 
manufacturer’s specifications of MS HoloLens 2, the system performance is affected 
by several influencing factors on 3D models [19]. Thus, the following parameters are 
defined to the 3D models: hidden and unused data are removed, drawing calls are reduced, 
inverted surface normals are reversed and conflicting tangent bases are solved. 


4.2 Experimental Setup 


The experiment is realised in a de-cored building (previously used for industrial pur- 
poses) on the first floor (cf. Fig. 3). The dimensions of the vacant area are 41.58 m in 
length and 31.60 m in width, which represents a total area of 1,314 m?. The available 
room height is about 3.05 m. In total, the room offers a volume of 4,007.48 m?. The 3D 
model represents a CNC milling machine (Index GFG 250). The test is conducted on a 
Microsoft HoloLens 2 (Windows Holographic V21H2, Build 20348-1432). The appli- 
cation was developed in Unity (Ver. 2021.1.9). For each LoD, a series of experiments is 
performed in which the number of rendered models is increased cyclically. After each 
additional model, the system stability (functionality) of the application is validated. The 
test ends with the performance-related crash of the application or dropping below the 
threshold of 20 FPS. 
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Fig. 3. Immersive screenshot of the experiment with the rendered 3D models 


5 Results 


Twelve 3D models (corresponding to an immersive volume of 327.38 m°) of the LoD- 
100% in a total of 1.284 million polygons can be rendered stably. With the LoD-50%, 35 
3D models in a total of 1.876 million polygons (corresponding to an immersive volume 
of 954.70 m°) can be reliably displayed. By the LoD-35%, 70 instances in a total of 2.625 
million polygons and an immersive volume of 1,909.09 m? can be resiliently depicted. 
The resulting number of 3D models by LoD-10% can not be determined in the given 
setting due to the lack of available space. The results suggest that the maximum total 
count of 3D models does not only dependent on the number of polygons, but also on the 
polygonal density, among other things. 


6 Discussion 


One of the paradigms of sustainable software engineering is the ‘limitations imposed 
by the state of technology (...) on the environment’s ability (...) to meet present and 
future needs’ [7]. This recurs to the comparison of the study result to the specification of 
the hardware, in that the present implementation exceeds the number of reliably repre- 
sentable polygons by a factor of 8 compared to the reference implementation (“low-scene 
complexity’, three models a 100,000 polygons) [20]. The direct effects on the software 
footprint, such as the energy consumption of the system can not be considered [6]. How- 
ever, the implementation serves sustainability, as larger scenes can be mapped via On- 
Device-Rendering without relying on the resource-intensive cloud rendering. Basically, 
the AR system can be used for the rendering of large scale industry scenarios to support 
UP (planning). According to the rebound effect, a robust application leads to a positive 
user experience [6]. In this case the software contributes to effective UP concepts, due 
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to its resilience. Especially towards the UP purpose, an immersive application supports 
users of different skill levels and roles in a sustainable way [7]. By providing relevant 
information at the place of fulfilment [8], avoidable misinterpretations in the evaluation 
and development of UP concepts can be reduced in early planning stages and com- 
munication barriers can be lowered between the stakeholders. Furthermore, it becomes 
apparent that the effective performance depends, among other things, on the build of the 
operating system in the industrial metaverse. In most cases, the approach is not standard- 
ized and is therefore described as precisely as possible in the interest of reproducibility. 
Further research with to be developed, standardized methods is recommended. 


7 Conclusion 


With the presented results, the research question can be answered precisely. If a compa- 
rable AR system such as the introduced approach is to be used in an UP planning task, 
analogous study results can facilitate the right choice of the LoD and the evaluation of a 
priori capabilities in order to ensure the successful application in terms of system stabil- 
ity. The presented solution as an immersive tool of the ‘Ultra-Efficiency Approach’ [16] 
can strengthen the technical UP methods with sufficient rendering performance. Thus, 
such a software system can be used sustainably and offers technological approaches 
towards the design of a powerful industrial metaverse. For further investigation of the 
technical sustainability, it is necessary to investigate the influencing factors and effects 
of specific industrial applications in terms of effectiveness, efforts, acceptance and other 
stimuli of human-machine interactions. 
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Abstract. This paper presents a methodical approach that addresses the chal- 
lenges of the development process to ensure sustainable product use. Considera- 
tion of user behavior in the use phase of products is imperative for efficient support 
by the technical system already in the development phase. 

For these and other challenges, the developed approach combines methods of 
system engineering with the human-technology-organization approach. It helps to 
identify and develop optimization potential in the area of digitization solutions in 
the early phases of the product lifecycle. To do this, a technical system is analyzed 
in its current state and the requirements of the stakeholders. By defining socio- 
technical system elements and applying a structured approach, recommendations 
can be outlined holistically. As a result, the recommendations lead to an increasing 
level of digitization of the technical system and ensure a targeted development 
process. 

Furthermore, the methodical approach includes modeling methods to deal 
with the complex system behavior. The modeling language SysML as well as 
task-related analysis methods are used to highlight faulty states and promising 
aspects. In addition to the human-technology-organization triad, the basis of the 
developed approach is the V-model, which is applied in phase-oriented design pro- 
cesses or iterative design steps. This makes the usage of the approach particularly 
advantageous for interdisciplinary development teams. 


Keywords: systems engineering - socio-technical systems - digitalization - 
potential analysis 


1 Introduction 


The topic of sustainability has become increasingly important in recent years. The find- 
ings of science and research show that, especially in industry, considering sustainabil- 
ity aspects is indispensable. In order to take the important sustainability aspects into 
account in the early stages of product development, the entire product life cycle must be 
considered and examined for potential to obtain a sustainable product. 
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A particular challenge is to assess the role and behavior of people as users of a prod- 
uct. On one side, the users’ behavior is highly relevant for the sustainable utilization of 
products; on the other side, developers need to assure sustainable products and operabil- 
ity. Therefore, much research focuses on requirement management to guarantee targeted 
and holistic development work and decisions. Especially digitalization solutions or so- 
called cyber-physical systems have the potential for sustainable products and utilization 
if they are implemented deliberately and by deep system understanding. Challenging is a 
successful integration of cyber-physical systems in existing and complex organizational 
structures and processes. 

This paper presents a methodical approach for examining existing physical processes 
for optimization potential with regard to digitization solutions. The aim is to identify 
optimization potential of the existing technical system for effective support of humans, to 
identify possible points of influence in processes, and to integrate digitization solutions 
into the so-called socio-technical system. 

The methodical approach is based on system engineering (SE) methods in com- 
bination with the human-technology-organization (HTO) approach. SE refers to a 
problem-solving process. Therefore, problems need to be outlined and specified. 


2 State of the Art 


First, the HTO approach is briefly characterized by introducing socio-technical systems. 
In the following, SE is shortly outlined as well as the V model as the established model 
of development processes. Subsequently, SysML as a modeling language is introduced. 

A socio-technical system is characterized by the coexistence of a technical and 
a social subsystem. The subsystems are connected by tasks. The human-technology- 
organization (HTO) approach according to Strohm and Ulich [1] is established in human 
factors science. The aim of the HTO approach is to improve processes in so-called socio- 
technical working systems holistically on several economic levels such as companies, 
organizational units, working groups, or individuals. Therefore human, technology, and 
organization are defined as system elements of the socio-technical system and influence 
each other as a consequence of the common task. The organization of the HTO approach 
is characterized by its structure, processes, and management structures. Humans have 
individual characteristics, such as health, competencies, or motivation. Technology can 
be characterized by its functionality, selection, or implementation. If one of the three ele- 
ments is changed, this has an impact on the other elements. Defining tasks and functions 
of a planned system brings the network behavior into focus to hinder suboptimization. 
Plus, developers are encouraged to allocate functionality of the whole working system 
to humans or machines precisely. Mentioned analysis methods on behalf of the HTO 
approach are observations and written or oral interviews. [1]. 

SE mainly signifies an interdisciplinary approach to develop successful systems 
fulfilling the requirements of stakeholders. Therefore, the requirements are defined in 
the early stages of the development process to continue the process of system design 
and validation [2]. Furthermore, in the understanding of SE technical and economic 
aspects are mentioned, such as time, quality, testing, training, maintenance, operation, 
and disposal, to ensure a structured and reliable development process and result. In 
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general, a “system” in the SE context consists of system modules pursuing a common 
goal. System modules can be software, hardware, persons, or any other unit [3]. 

The V model is a generic procedure model in the SE context such as described 
in VDI/VDE 2206. It describes the case-by-case required development and hedging 
activities. The left branch of the V model leads to the specified system design. The 
right branch leads through the verification and validation of the implemented solutions 
and system requirements. Challenging in an interdisciplinary development team is to 
arrange the requirements of a complex system traceably. The V model is one established 
procedure model to visualize targeted development work in the context of cyber-physical 
systems [4]. 

Applying SE methods in order to analyze systems and processes of a system mod- 
eling languages such as SysML are functional. They help to guarantee a sufficient spec- 
ified target system in the product development process. Therefore, diagrams such as 
requirement, activity, or use case diagrams are included in the repertory of SysML. 

For technical systems methods such as Fault Tree Analysis (FTA) are established 
to extract the causes and effects of faulty states quantitatively and qualitatively [5]. 
Therefore, main events, which are faulty states, are analyzed by subsequent key events, 
which lead in combination to the main event. This technique can also be applied by 
defining success as the main event instead of a fault state [5]. 

There are various examples of successful applications of the HTO approach to ana- 
lyze human-machine interaction in working or safety contexts in various domains. The 
derived aims of applying the HTO approach are to increase productivity, quality, and 
safety. Especially, the physiological and mental effects on humans are examined and the 
outcomes of the analysis are reused to improve the following technical systems. [6]. 

This addresses the sustainability aspects because suboptimization of socio-technical 
systems can be prevented by holistic development processes. Well-considered system 
improvements provide the potential to deal with exhaustible resources. Also, reasonably 
integrated digitization solutions may increase efficiency. 

Still challenging is to integrate the human-machine interactions into the whole devel- 
opment process. Especially in interdisciplinary development teams, the agreement on a 
common development procedure and tool is rarely unified. Developing complex techni- 
cal systems, model-based SE methods and the V model are commonly used [7]. This is 
because this paper presents a concept to combine human factor science and SE methods. 


3 Concept 


With the help of the developed methodical approach, a system with a higher degree of 
digitization in the target state is developed from stakeholder requirements and a system 
in the actual state. The developed approach is based on methods and models of SE in con- 
nection with the HTO approach. Therefore, the system elements human, technology, and 
organization as well as an inner and outer system boundary are defined. The methodical 
approach can be applied by going through the development phases initialization, anal- 
ysis, verification, synthesis, implementation and validation chronologically (c.f. Fig. 1). 
Analogous to the V-model, the methodical approach can also be applied time-invariantly 
(c.f. Fig. 3). The detailed process of gaining optimization potential of the actual system 
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is explained by defining tasks. Optional, a deep analysis of the socio-technical system 
is done by applying SysML techniques and a so-called Success Tree Analysis (STA), 
captured from data collections. 


3.1 Development Phases 


At the beginning of the development work, stakeholder needs are discussed in the ini- 
tialization phase (c.f. Fig. 1). The analysis phase includes the extensive investigation of 
the socio-technical system, including the modeling of use cases and processes. In the 
subsequent verification phase, the created system models are verified with the help of 
defined tasks. These first three phases deal with the system in the actual state which 
is to be improved (c.f. Fig. 1). By passing through the analysis and verification phase, 
faulty states and optimization potential are worked out, which are combined with dig- 
itization solutions in the subsequent synthesis phase. Until the recommendation phase, 
possible digital solutions are integrated as variants. From the implementation phase, 
the target system is focused. Therefore, one solution variant is selected and realized. 
Finally, compliance with the required stakeholder needs is determined in the validation 
phase. Figure | shows the development phases of the methodical approach. Like the V 
model proposes, there are phases of analysis and validation. In between, the methodical 
approach includes a verification phase of the modeled socio-technical system and its 
physical processes. 


System in Status Quo Integration of Proposed Solutions System in Target State 


Recommendation 
(of Variant) 


Fig. 1. Development phases of the methodical approach. 


3.2 Defining System Elements and System Boundaries 


A central component of the methodical approach is the definition of system elements: 
humans, technology and organization. An outer, extensive system boundary separates the 
HTO system elements from their environment. Figure 2 represents the defined HTO sys- 
tem elements. An outer, extensive system boundary includes the whole socio-technical 
system and places it into a specific environment and context. For SE techniques it is 
functional to use an inner system boundary to focus on the technical systems. Therefore, 
the impact of the other system elements human and organization have to be considered, 
too. 

Another central component of the methodical approach is the integration of defined 
tasks into the socio-technical system. The considered tasks enable the verification of the 
created system models. The tasks are responsible for the interactions of the HTO system 
elements. 

Examples of the definitions, system boundaries, and tasks are given in Sect. 4. 
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Fig. 2. System boundaries of the HTO system. 


3.3 Detailed Methodical Approach to Gain Faulty States and Optimization 
Potential 


Figure 3 exemplary shows details of the methodical approach; starting by considering 
specific tasks of the HTO system. Modeled use cases and processes support analyzing 
the tasks. With the help of data collections with former types or prototypes of the tech- 
nical system, the HTO system behavior can be observed. Based on this, faulty states 
and optimization potential are derived. Drafting system requirements during the whole 
development process is supported as well as considering possible system solutions and, 
finally, a recommendation of a solution variant, which includes digitization solutions. 


duiu collection Teyplirernveits gullies 


Fig. 3. Exemplary detailed concept. 


For instance, tasks are usual or unusual user instructions and scenarios of the foreseen 
use phase of the product life cycle. Defining multiple tasks (c.f. index i, Fig. 3) will 
increase the reliability of the analysis results and are related to validation parameters 
(c.f. right side of the V-model [4]). 

Modeling use cases, as well as system processes of the socio-technical system, is 
convenient for systematic and detailed analysis. In the verification phase (c.f. Fig. 1) 
the modeled system needs to be verified. Faults due to modeling need to be minimized 
because they affect the quality of the optimization potential and within this the devel- 
opment success. In Fig. 3 the variables a 1... aj symbolize verified use cases the socio- 
technical system has to deal with. In Fig. 3 the mentioned inaccuracies of modeling to 
be minimized are symbolized by filter j. 

Furthermore, it is convenient to analyze the tasks of the socio-technical system within 
data collection methods such as field studies, interviews, observations and surveys. At 
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first, the data collection methods will hand out objective statements about the socio- 
technical system. In Fig. 3 the objective statements are symbolized by the variables 
d 1... dn. Secondly, existing faulty states and ideas of optimization potential can be 
derived. To build the base for the optimization potential an STA out of a qualitative FTA 
[5] is a systematic and traceable technique. Modeling a success tree, defining the task or 
parts of the tasks as a main event is functional and helps to derive optimization potential 
traceably. Despite this, the combination of causes and effects of a socio-technical system 
stays sensitive to errors. In Fig. 3 this combination work is symbolized by filter n. 

Referring to the V model [4] requirements of the target system are pointed out after the 
analysis and verification phase (c.f. Fig. 1). Depending on the requirement management, 
wording, or level of detail, there is room for interpretation, which is symbolized with 
filter m in Fig. 3. 

In the synthesis phase (c.f. Fig. 1), the system requirements and digitalization solu- 
tions are merged and become variants of solutions of the target system. Until this point 
of development, the solution variants for the target system stay unvalued. Even the sys- 
tem analysis can be a solution open until this phase. After weighting depending on the 
development goals a solution variant can be recommended. The weighting is symbolized 
in Fig. 3 by filter p. Development goals can be aspects of time, costs, quality, especially 
sustainability. 


4 Validation 


The concept presented in this paper is validated by applying it in a development project 
on the technical system Vario-Load-Rescue (VLR), which is invented by the startup “in- 
ventied” and used in Technisches Hilfswerk (THW) contexts. “Inventied” produces and 
develops devices for civil protection. The VLR is one of those with the aim to support 
rescue operations by THW. The VLR is a carrier, loaded with rescue items, and has cur- 
rently a low digitalization degree So, the socio-technical system was specified by THW 
as organization, THW workers and system developers as humans, and the VLR itself as 
technology. Also, the validation of the concept dealt with observing a THW operation 
simulation, where THW workers operated with the VLR in a realistic scenario and were 
charged with realistic tasks, such as building underpin constructions. The inner system 
boundary, to limit the SysML modeling effort, included the VLR, as well as its rescue 
items. The outer system boundary also included the THW workers and their working 
structure. For example, phone calls and shouts were noted and analyzed, to gain the 
relevant operation information. This enabled the developers to analyze the communica- 
tion and operational strategy of the THW workers and to differentiate the potential of 
organizational or technological nature. The SysML modeling included use cases of the 
VLR and the activities observed in the THW operation simulation. Through should and 
actual comparison in the operation simulation, fault states and time-intensive activities 
were outlined. Based on this, the observations were noted and worded as requirements 
for system improvement. Existing digital solutions, such as digital inventory or the visu- 
alization of underpinning constructions, were integrated into the modeled processes and 
finally recommended. 

The aim of the development work was to increase the digitalization degree of the 
VLR to maximize its potential to support rescue operations, especially in time-critical 
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situations. Characteristic weighting aspects also focused on robustness and availability 
(c.f. Fig. 3, filter p). This validation case is exemplarily for treating socio-technical 
systems to increase the efficiency of processes through digitalization solutions. 


5 Conclusions 


In this paper, a methodical approach was presented to identify potentials for possible 
digitization solutions in an existing socio-technical system, and then to develop and 
integrate corresponding digitization solutions in a guided manner. The development 
of the approach is based on the combination of engineering and occupational science 
methods. Thus, the approach is also applicable in the context of established development 
models, such as VDI/VDE 2206. Furthermore, the approach uses the established human- 
technology-organization approach. By defining the system elements organization and 
human, the structures in which the product is used become more visible. This has the 
advantage that the user behavior of products becomes more transparent. 

In the context of a cooperation project, the presented approach could already be 
tested successfully. It could be validated that it is suitable to analyze a socio-technical 
system where the user behavior has a great influence on the technical system and its 
support potential. The approach guided through the development phases and enabled 
interdisciplinary development work as well as the outlining of constructive requirements 
for a target system with a higher degree of digitization. 

The concept provides a guideline for implementing digitization solutions consciously 
and on the basis of objective considerations. The naming of filters and points of influence 
in the development process ensures transparency and traceability. The use of defined 
HTO system elements and tasks clarifies the relevance of the individual parts of a system. 
The creation of system models and links that visualize system-promoting or system- 
inhibiting effects help to outline the optimization potential and to implement solutions 
in a targeted and holistic manner. 

The division of tasks into primary and secondary tasks ensures aspects of func- 
tionality in the development, but also creates room for the consideration of aspects of 
sustainability, such as maintenance or disposal activities. On the one hand, this opens up 
broader thinking about possible applications for the product. On the other hand, relevant 
sustainability aspects are thus systematically included in the early development phases. 

The digitization solutions that are developed and introduced with the help of the 
present approach are an efficient alternative to or support for existing solutions. In addi- 
tion, the focus of the developed methodology can be placed purely on the area of sustain- 
ability, so that mainly or exclusively optimization potentials with regard to sustainability 
are identified and corresponding solutions are implemented. 
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Abstract. The idea of the Asset Administration Shell (AAS) is currently evolving 
into a framework for the Industrial Digital Twin in Industry 4.0 since more and 
more industrial use cases for its application as well as AAS sub-models with stan- 
dardized semantic properties are being defined. The concept of the AAS enables 
data interoperability and thus provides novel opportunities for exchanging services 
between manufacturing assets, digital platforms, and value chain actors. Services 
in this sense are fabrication or assembly operations and tasks. It is demonstrated, 
how the data link and exchange between different AASs on the equipment level 
can be accomplished through an overlaying AAS on the manufacturing system 
level. A conceptual model for the service exchange is developed based on the 
state-of-the-art within the field of Industry 4.0. The model is subsequently veri- 
fied and validated through a case implementation at the University of Southern 
Denmark’s Industry 4.0 lab. 


Keywords: Industry 4.0 - Industrial Digital Twin and Asset Administration 
Shell - Service exchange 


1 Introduction 


1.1 Rationale 


Industry 4.0 (14.0) embraces the fusion of the physical with the virtual world while facili- 
tating the automation of industrial value creation [1]. An important building block of 14.0 
is to establish interoperability between manufacturing assets in complex global value 
networks [2, 3]. The realization of interoperability usually requires industry standards 
and their integration throughout different hierarchy levels of manufacturing systems. 
For this purpose, the standardized Asset Administration Shell (AAS) comes into play 
as the Industrial Digital Twin in 14.0. The development of a concept for exchanging 
digital services between manufacturing assets by utilizing the AAS’s functionalities 
seems particularly relevant for the future application of the AAS in manufacturing sys- 
tems. Manufacturing equipment must be enabled to exchange services with other equip- 
ment or products. This will allow to automatically and decentralized match the required 
manufacturing process steps to manufacture a certain product [4]. 
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1.2 Research Approach 


The paper addresses a deductive, qualitative research approach, which demonstrates the 
results of ongoing 14.0 research at the University of Southern Denmark (SDU). In Sect. 2, 
a brief overview of the state-of-the-art based on a semi-structured literature review in 
the context of the AAS is elaborated. In Sect. 3, a conceptual model for exchanging 
services between assets based on the AAS is presented. In Sect. 4, a proof-of-concept 
demonstrates how the data link between a 3D printer and an Autonomous Mobile Robot 
(AMR), to enable service exchange, can be accomplished by using the AASX Package 
Explorer software. In Sect. 5, the research is summarized and an outlook for future 
research activities is given. 


2 State-of-the-Art 


2.1 Asset Administration Shell (AAS) 


The application of the AAS in manufacturing systems is proposed by different industry 
associations as the key to achieving interoperability in 14.0 manufacturing systems [5— 
7]. The EU-based Industrial Digital Twin Association and the US-based Digital Twin 
Consortium just decided to collaboratively develop the AAS technology in the future by 
standardizing requirements and through discussions for harmonizing the technological 
standard [8]. The AAS aims at storing and collecting relevant data and data streams, 
such as technical data, operational data, identification data, etc., over the whole life 
cycle of an asset [9]. The data is clustered according to specific sub-models of the 
AAS (Table 1). The sub-models are defined by standardized semantic properties and 
contain sub-model elements e.g., functions, properties, and processes, which eventually 
determine the digital representation of the asset [10]. Industry-driven initiatives are 
contributing to coining the AAS standard [11]. For example, an industry-driven research 
project investigated and demonstrated how AAS technology can be used to digitalize 
the nameplate of products [12]. Current academic projects explore how the AAS can 
be designed and integrated into manufacturing systems [13]. Figure 1 gives an idea for 
integrating AASs throughout different hierarchy levels of manufacturing systems. 


Table 1. Example of sub-models of the AAS [14]. 


Sub-model Content 

Nameplate Defines the digital nameplate of the asset 

Identification Defines the supplier and product 

TechnicalData Defines and contains the technical data of a product 
ConfigurationalData Defines the setup parameters of a production process 
OperationalData Defines and contains the actual values of a production process 
Documentation Stores documentation for the product and/or process 
CertificatesAndDecleration | Storing certificates and conformance classes 
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Asset 
|e on Manufacturing System 
Asset Shell > Business Model 


t Integration t 


Manufacturing Cell / Line /... 
Robot Cell Manufacturing Cell 


t 


Integration Integration 
Manufacturing Components / Devices 


drive drive machine RGY A 
Rotary PEA Linear arnan Transpor- 
movement Gripping movement Drilling tation 


Manufacturing Functions / Skills 


Fig. 1. Integration of AASs on different hierarchy levels of manufacturing systems [1] 


2.2 Service Exchange Between Assets 


Technically, the exchange of information between assets can be defined as a minimum 
requirement for a service exchange [15]. For example, an AAS on the system level might 
request the process status of a physical asset on the equipment level, which then will 
provide the status by a boolean signal based on classifications of the data under the 
given property. In an AAS context, a service exchange is executed as a service request 
by one AAS and the response from another AAS within the manufacturing system. 
This automatic service exchange is utilized by connecting AASs using unique semantic 
IDs. These IDs provide an unambiguous identifier (or address/asset ID) for an AAS 
integrated into a network [12] and allow the implementation of self-managed assets. 
A self-managed asset is defined as an asset with its own semantic asset ID [14]. A 
foundation for exchanging services between manufacturing assets has been laid out by 
[16]. 


2.3 Research Gap and Objective 


The academic and industry responses to the integration of AASs throughout manufactur- 
ing systems and the realization of service exchange between AASs are only beginning to 
take shape, see for example [1, 13, 16, 17]. A concept of how to link a system of different 
AASs to exchange services has not been sufficiently addressed in current industrial and 
academic work. The authors aim to contribute with their research to this discussion by 
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demonstrating an approach for the realization of service exchange between manufac- 
turing equipment based on integrated AASs. However, the research presented by the 
authors focuses more on the practitioner’s perspective on AASs. 

Thus, the developed concept is intended to inspire manufacturing companies to 
realize a service exchange between assets. 


3 Concept 


The concept is created by facilitating expert opinion. This means that the conceptual 
model is iteratively developed and evaluated until a consensus was reached among the 
authors. Further, the concept incorporates the current state-of-the-art in the field of AAS. 
It is based on the sub-model concept of the AAS [10, 14] as well as on the so-called 
Reference Models of 14.0 components [11]. A requirement for linking AASs is that every 
AAS and sub-model must consist of its unique semantic ID within the network [18]. The 
concrete connection of AASs can be realized by linking the underlying AAS sub-models 
e.g., on the component or equipment level of an asset, to a concrete sub-model on the 
system level. The conceptual model for linking the AAS to achieve a service exchange 
between self-managed assets is depicted in Fig. 2. 


ae Manuiacitnng Se n...is a defined (complex) 

Semantic ID (asset ID): XXX.YYY characteristic that the 
Sub-model “Reference” Sub-model DataFunction can take, e.g., a 
“LogicForServiceExchange” certain maximum value or a 
OperationalData: BBX.XXX If AAY.XXY.DataFunction boolean value 
OperationalData: AAY.XXY shows characteristic n: 


Semantic ID...for identifying the 


then execute AAS and its sub-models 
BBX.XXX.ActionFunction 


Submodel...if possible defined 
according to standardizing 
organizations such as the 

AAS “Asset A” Industrial Digital Twin Association 


Semantic ID: XXX.XXY DataFunction...defines the 
relevant data (stream) from the 
Sub-model “OperationalData” 2 asset, e.g., the vibration data 
(Semantic ID: AAY.XXY) 
DataFunction 
ActionFunction 


ActionFunction...defines relevant 
manufacturing services of an 
asset, e.g., execution of a defined 
GCODE-file for 3D-printing 


Fig. 2. Conceptual model for exchanging services using the sub-model reference 


4 Proof-of-Concept 


4.1 Case 


The proof-of-concept aims at verifying and validating the conceptual model from Sect. 3. 
It covers a case for service exchange between a 3D printer and an Autonomous Mobile 
Robot (AMR) in SDU’s Industry 4.0 lab. The two assets are selected due to their relevance 
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for Industry 4.0 manufacturing systems: 3D printers and AMRs are commonly used 
assets and thus provide a suitable and transferable case for exemplarily demonstrating 
the service exchange. Also, both assets are easily accessible in SDU’s Industry 4.0 lab. 
Both assets, the 3D printer and the AMR represent self-managed assets with their AASs. 

An Arduino sound sensor is used to collect the vibration data of the 3D printer 
(Fig. 3a). This data allows deriving the operational state of the printer e.g., start, printing, 
or idling state. Collecting the vibration data using a sound sensor is suitable for the proof 
of concept. However, with an industrialized 3D printer, the operational state can often 
be collected directly from the asset without attaching additional sensors. The Arduino 
sensor is collecting analog data input which is saved in a local database. Typically, 
this data would be stored in a cloud database, from where the AAS can collect the 
information. Small statistical data analysis was performed in JMP 15 to demonstrate 
that the collected data can be used to derive the different operational states of the 3D 
printer as shown in Fig. 3b. 


Sound vs. Time 


Maana va. Tene o! Ba Gy 


Sound 


Time 


Fig. 3. (a) Printer-sensor setup; (b) Measured vibration (sound) data stream over time. 


The proof-of-concept setup is coined by the development of the AAS in the AASX 
Package Explorer software (AASX-PE), which is an open-source C# based editor [19]. 
The pre-defined sub-models from Table 1 have been implemented in the AAS on the 
equipment level. The sub-models on the system level have been selected based on [17]. 
A local database is hosting each AAS separately. The real-time linkage between AASs 
has not been fully implemented since the purpose of the implementation is to establish 
a sufficient conceptual demonstration of the service exchange. The linkage between the 
AASs is made by linking the semantic IDs from the AAS or relevant sub-model. The 
semantic IDs used are Internationalized Resource Identifier (IRD links, but they could 
also be implemented by IRDI, FragmentID, ShortID, or custom ID depending on the 
use cases [19]. The IRI is named “https://example.com” and “https://companyX(orY). 
com”, to illustrate that the IRI is a unique worldwide link. Hence, it fosters interoper- 
ability since it can be used across companies. In Fig. 4, a linkage using the sub-model 
reference, by following the model from Fig. 2, is demonstrated. The unique seman- 
tic ID of the “OperationalData” sub-model from the 3D printer (“FLSUN3Dprinter’’) 
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has been directly linked to the “Printing” sub-model of the manufacturing cell’s AAS. 
Also, the operational data of the AMR (OperationalDATAMIR100) has been linked to 
the sub-model “Transportation” of the manufacturing cell. As a result, a logic for ser- 
vice exchange can be implemented as an additional sub-model. For example, within the 
“MESConnection” sub-model on the manufacturing cell level, the “PredictiveMainte- 
nance” sub-model could now utilize the operational data from the AMR and the 3D 
printer to predict maintenance activities. Another example could be the implementation 
of a logic for scheduling the transportation tasks of the AMR, based on the operational 
data of the 3D printer: the ARM can be called automatically by the 3D printer for picking 
up the finished product. 


AAS “Manufacturing Cell“ 


AS 
o 
& 
a 
Q 
m 
ip) 
ce 


= “Nameplate” (IRI. hitpx//example.com/ide/am/1461_4152_1112_6122] 
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4 O “Printing” (1 elements) 
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“PredictiveMaintenance” (2 elements) 
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EIE ‘Productinto” (3 elements) 
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Fig. 4. Linking AASs on different manufacturing system levels using AASX-PE 
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4.2 Discussion and Limitations 


The proposed conceptual model for exchanging services between manufacturing assets 
seems to be suitable for the available AAS technology and its open-source development 
tools. The functionality for exchanging service requests, i.e., manufacturing tasks, has 
been verified. The implementation of the logic for the service exchange was not part 
of the proof-of-concept and will be subject to future research. Only limited conclusions 
can be drawn in terms of the efficacy of the concept and its suitability for industrial 
application under real manufacturing conditions. Realizing a service exchange with 
the AAS technology might also be a future emphasis of the Industrial Digital Twin 
Association or other industry stakeholders. These actors might decide to realize the 
service exchange by using a different concept. However, the authors believe that the 
presented conceptual model demonstrates an initial idea of how the exchange of services 
can be implemented with the current state of standardized AAS technology. 


5 Summary and Outlook 


The research presented a conceptual model as well as a proof-of-concept for exchanging 
digital services within a system of Industrial Digital Twins based on the AAS tech- 
nology. The service exchange is realized by integrating unique semantic IDs of AASs 
from manufacturing equipment into the AAS on the manufacturing system level and by 
defining a logic for the service exchange within the AAS of the manufacturing system. 
A proof-of-concept validated the basic functionality of the concept for exchanging ser- 
vices between two manufacturing assets. Future research will investigate the logic of 
service exchange within manufacturing systems. For example, it will be explored how a 
job shop scheduling approach can be implemented based on the AAS and the described 
service exchange concept. 
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Abstract. Applying biological principles that are similar to those found in nature 
to product engineering and manufacturing offers new approaches to product and 
production systems and might lead to a significant contribution towards sustain- 
ability. By transferring materials, structures, and processes of natural to digital 
ecosystems industrial value creation can be optimized. A promising approach to 
establish a networked, self-regulating digital ecosystem represents a digital twin. 
The potential of digital twins within the context of biological transformation has 
not been researched yet. This paper attempts to provide a first entry into the 
research topic by identifying biological principles within the concept of a digital 
twin and analyzing its potential for biological transformation in the industry. As a 
main result, the paper presents a list of relevant principles of biological transfor- 
mation based on a structured taxonomy. These are specified within the concept of 
a digital twin. 


Keywords: Biological Transformation - Digital Twin - Sustainability - 
Biologicalization - Digitalization 


1 Introduction and Research Approach 


During the last two centuries, manufacturing systems have changed in shape and form 
innumerable times [1]. Up until now, the manufacturing industry is obliged to adapt due 
to emerging challenges such as demographic change, individualization, digitalization, 
the increasing scarcity of natural resources, and the growing demand for sustainability 
[2]. In response to many such demands, companies currently place their confidence in 
Industry 4.0 and digital transformation [3]. With regard to the fourth industrial revolu- 
tion, the main items on the agenda are productivity gains, flexibility enhancements, and 
cost reductions, whereas sustainability commonly plays a subordinate role [4]. This is 
where Biological Transformation (BT) comes into play — a holistic approach to change 
industrial value creation towards sustainable optimized production systems, by an accel- 
erating convergence of technical, digital, and biological systems in the manufacturing 
environment [5]. Embracing principles of nature by transferring materials, structures, 
and processes of natural to digital ecosystems harbors the great potential for sustainable 
and resource-efficient manufacturing [6]. The concept of a Digital Twin (DT) therefore 
represents a promising approach to establish a networked, self-regulating ecosystem 
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whose stability and resilience are to be monitored and controlled with regard to ecologi- 
cal parameters. The potential of DTs for sustainability in the context of BT has not been 
researched yet. Hence, this paper attempts to provide a first entry into the research topic 
by presenting a conceptual framework and addressing the following research questions: 
“What are the relevant biological principles of a DT for sustainability? (RQ I)” and 
“How can these biological principles be integrated into a conceptual framework of a DT 
in the context of BT to foster sustainability in industrial value creation? (RQ ID”. 

In order to systematically answer these research questions, the state of the art of BT in 
manufacturing and DTs for sustainability will first be specified. As part of a systematic 
literature review on DTs in the context of BT, a more detailed understanding of the 
research area will be developed in order to deduce the research gap addressed within 
this paper. Starting from this gap, a conceptual framework will be derived that integrates 
biological principles into the concept of a DT for sustainability and serves as an initial 
provision of support. The result of the present paper must accordingly be regarded as a 
first basis that needs to be evaluated, specified, and applied in future research work. 


2 State of the Art 


2.1 Biological Transformation in Manufacturing 


BT in general describes the holistic transformation from traditional industrial value cre- 
ation towards sustainable value creation systems [7] by transferring principles, materials, 
functions, and structures from nature into technical systems [8]. The knowledge from 
nature is applied systematically in the context of BT in manufacturing [9] and pursues the 
aim of optimizing production systems regarding their societal and business challenges. 
In this context, a convergence of the bio- and technosphere is pursued [7]. The BT can be 
divided into three development modes [10], which include different levels of convergence 
of the bio- and technosphere [7]: Inspiration involves translating natural phenomena in 
the form of concepts (fluid dynamics, lightweight construction, biomechanics), pro- 
cesses of evolution (bio-analogue optimization techniques, swarm intelligence, neural 
networks), and principles of nature (resilience, self-organization, self-healing) into tech- 
nical value creation systems [2, 7, 10]. Integration refers to the transfer of biological and 
technical processes to traditional value creation systems [7]. Examples include closed 
loops, the manufacturing of new products by using microorganisms to recover rare earth 
from magnets, extracting biofuel from CO? waste streams, and extracting methane from 
industrial wastewater [7, 11]. With digitalization and Industry 4.0, BT is experiencing a 
new dynamic. Beyond bio-inspired and bio-integrated approaches, current technological 
developments offer the possibility to foster sustainable value creation with the interac- 
tion of biological and technical systems by means of intelligent information systems such 
as the concept of a DT [8, 12]. The aim is to develop new and autonomous production 
technologies and structures [10]. 

The biological transformation has different facets, basically inspiration, integration, 
and interaction. These can be expressed in various principles of nature. One way to 
describe and structure these principles is through taxonomies. The Biomimicry Tax- 
onomy, for instance, covers various principles in eight major categories, which can be 
transferred in abstract form to the solution of technical problems [13]. 
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2.2 Digital Twins for Sustainability 


In general, DTs can be defined as “a digital representation of an active unique product 
[...] or unique product-service system (a system consisting of a product and a related 
service)” [14]. ADT consists of the interlinkage of Digital Master-data, which are models 
and information from the planning phase, and production, usage, or end of life data of 
an individual system instance, the so-called Digital Shadow. 

DTs for sustainability are based on the definition of DTs with the specific aim to 
foster sustainability in the form of a minimized environmental impact [15, 16]. One 
specific approach in this context is the calculation of the environmental impact with 
Life Cycle Assessment as standardized in the ISO 14044 [17]. With the help of a DT 
with integrated LCA, an “As planned-LCA” for different product design variants and 
corresponding process alternatives can already be carried out during the design phase 
of a product and be stored within the Digital Master (see A in Fig. 1). With the start of 
the production phase, the product generates an individual CO? footprint (“As is-LCA”’) 
which is being captured along consecutive lifecycle phases via unique identifiers within 
the Digital Shadow (see B in Fig. 1). Through the linkage of master models and shadow 
data within the DT Core, lifecycle information such as data from production, usage, or 
end of life can be systematically made available and processed into valuable information. 
Thus, the comparison between “As planned-“ vs. “As is-LCA” (see C in Fig. 1) may 
enable the provision of insights for future product optimizations (Feedback to Design). 
However, analysis and interpretation within the DT Core (see D in Fig. 1) can also 
be used to execute control commands via direct feedback to the physical system, for 
instance, to optimize product behavior with regard to CO2 emissions. 


2.3 Digital Twins in the Context of Biological Transformation 


To analyze the state of the art of research on DTs in the context of BT, a systematic 
literature review was conducted. Limiting the search query to the terms biological trans- 
form* and digital twin* resulted in zero hits in the databases Scopus, Web of Science, 
and eLib. To broaden the data set for the literature review, more general keywords were 
used. The query, formulated as followed, retrieved 24 publications: TITLE-ABS-KEY 
(“biological transform*” OR “bio*inspir*” OR “bio*integrat*” OR “bio*interact*” 
OR “bio*intelligen*”) AND (“digital twin*” OR “digitization” OR “digitalization” OR 
“digital technolog*”’)). After screening the results in full text, the respective publications 
were rated as high-, medium- and low-appropriate for the subject matter. Publications 
with low appropriateness for analysis either had no specific reference to BT or digital 
solutions or included case studies from other domains being too specific to be transferred 
to manufacturing. Papers of the subject area “manufacturing”, that tended to consider 
the DT concept at a very high altitude or only as a marginal note have been rated with 
medium appropriateness. Publications with high appropriateness contained the term 
“Digital Twin” and will be described in more detail below. 

Miehe et al. [10, 18] develop a framework of ten fields of action for BT of industrial 
value creation. According to their findings, the prerequisite for increased resilience of 
manufacturing systems are robust technologies constantly monitoring significant states 
of products, processes, and production systems. In the context of BT, the DT adopts the 
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function of a genotype (genetic data) to its respective component state, the phenotype, 
and thus, may act as an enabler for optimized process transparency and planning. With the 
help of simulation and bio-inspired algorithms (e.g. swarm intelligence, ant algorithms) 
this ‘manufacturing gene pool’ will continue to expand [19, 20]. 

Bergs et al. [3] introduce projects applying BT in manufacturing. The project 
EVOLOPRO represents a bio-inspired approach for the utilization of biological princi- 
ples (e.g. diversity of variants, facilitated variation) for optimizing complex self-adapting 
production systems with the help of DTs. Here, the DT evolving through learning and 
interaction analyzes and evaluates the difference between a targeted and an actual state 
of a manufactured product by using evolution-based algorithms and thus, helping the 
production system to perform better in future situations (increased fitness). 

Miehe et al. [12] examine the transferability of existing DT architectures (Asset 
Administration Shell (AAS), RAMI4.0 Architecture) to biological systems. Therefore, 
Miehe et al. present a scalable model integrating structural and functional features of 
biological systems for the interoperability between process steps across company borders 
for both technological and biological assets. 

In summary, literature on DTs in the context of BT is scarce. Recent publications in 
this field ascribe DTs significant potential for biological transformed value creation (e.g. 
enhanced process transparency and planning, optimized production systems), but lack 
a general contextualization of the concept of a DT within BT. By identifying relevant 
biological principles within the concept of a DT for sustainability, this paper attempts 
to provide a first entry into the topic and fill in the identified research gap. 


3 Concept of a Digital Twin in the Context of Biological 
Transformation 


Based on the identified research gap, a conceptual framework for DTs for sustainability 
in the context of BT is proposed. The derived framework that is shown in Fig. 1 extends 
the current definition of Stark et al. [14] and Riedelsheimer et al. [15] to include the 
aspects of BT. 

The DT accompanies its physical counterpart throughout its entire lifecycle [21]. 
Within this digital representation, selected characteristics, states, and behaviors of the 
product instance or system are reflected and models, information, and data are linked 
across lifecycle phases [14]. Along the lifecycle of a product, the DT uses enriched data 
sets on different product states, such as 3D models and product structures from CAD or 
PLM systems (“As designed”), manufacturing BOMs of the product instance from ERP 
or MES systems (“As built”), information on maintenance history (“As maintained”), or 
(real-time) data from the use phase (“As used”) [22]. 

Within this paper, BT in manufacturing is being referred to as a process of optimizing 
industrial value creation towards sustainability with concepts and technologies inspired 
by nature, integrating biological aspects, and operating in the interaction between digital 
and biological systems. The present framework is therefore primarily focusing on DTs 
for sustainability offering the opportunity to leverage existing data and optimize both 
the individual sustainability of the system and future product generations by means of 
an LCA (see Subsect. 2.2). 
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Fig. 1. Concept of a Digital Twin for Sustainability in the Context of Biological Transformation 
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In order to systematically address RQ I, relevant biological principles of the 
Biomimicry Taxonomy [13] were assessed according to their applicability to the concept 
of DTs for sustainability. The result of the assessment is depicted in Fig. 1. Principles 
with low applicability address natural characteristics that relate to physical changes of 
the ecosystem (e.g. “Physically assemble”, “Chemically break down”) and were thus 
excluded from further considerations. Biological principles which are assignable to a 
general concept of a DT, but lack a certain transferability to DTs for sustainability were 
rated as medium-applicable (e.g. “Manage structural forces”). In response to RQ I], the 
remaining high-applicable principles are listed in Table 1 with corresponding examples 
within a DT for sustainability. As a digital ecosystem a DT inherents various biologi- 
cal principles itself but also serves as an enabler of biological transformed products by 
equipping it with characteristics inspired from nature to ultimately optimize its resilience, 
stability, and sustainability. 


Table 1. Biological principles and examples within a DT for sustainability 


Biolog. Principle Examples within a DT for sustainability 


Coordinate e.g. Coordination of processes along the lifecycle to reduce CO2 
footprint: Monitoring of ecological parameters and identification 
of optimization potential 


Cooperate e.g. Intelligent linkage between master models and shadow data 
along the lifecycle (internally, across companies/industries) 


Provide ecosystem services | e.g. Provision of insights for future product optimizations 
(Feedback to Design), execution of control commands via direct 
feedback to the physical system, for instance, to optimize 
product behavior with regard to CO2 emissions 


Adapt/optimize e.g. Adaptation/optimization of physical system based on 
monitoring of CO, footprint 


Reproduce e.g. Provision of a physical system’s copy and instantiation of 
DT along lifecycle and utilization for further Digital Twins 
(fleet, variants) 


Navigate e.g. Management of assets within production system with regard 
to ecological parameters for increased sustainability 

Send signals e.g. Visualization of “As planned-“ vs. “As is-LCA” in dashboard 

Process signals e.g. Calculation of LCA based on master data, external 


databases, and shadow data as well as comparison of “As 
planned-” vs. “As is-LCA” 


(continued) 
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Table 1. (continued) 


Biolog. Principle Examples within a DT for sustainability 


Sense signals/environ. Cues | e.g. Data acquisition of operational, state, or process data in 
Digital Shadow (e.g. energy consumption) 


Compute e.g. Analysis and interpretation of “As planned-“ vs. “As 
is-LCA” 

Learn e.g. Adaptation and optimization of DT itself based on historical 
data 

Store e.g. Storage of master models or shadow data with regard to 


ecological parameters 


4 Conclusion and Outlook 


BT as a holistic approach to change industrial value creation towards sustainable opti- 
mized production provides promising answers to current challenges such as resource 
scarcity, the reduction of ecological footprints, and climate change. A DT for sustain- 
ability offers the opportunity to optimize a product by impersonating the characteristics 
and functions of natural ecosystems. Leveraging and processing existing ecological 
data into valuable information along a product’s lifecycle, with the help of DTs might 
ultimately lead to enhanced resilience, stability, and sustainability of the physical coun- 
terpart. Given the absence of theoretical foundations in recent literature, the objective 
of this paper was to develop a conceptual framework of a DT in the context of BT (RQ 
II) by identifying relevant biological principles of a DT for sustainability (RQ I). The 
main academic contribution of the present paper lies in its attempt to fill in the identified 
research gap and broaden companies’ horizons towards the potential of DTs in the con- 
text of BT by providing a more holistic perspective. Given the diversity of DT use cases, 
the framework is deliberately kept general and therefore requires adjustments to indi- 
vidual project needs. Additionally, the potential to foster sustainability in manufacturing 
has not been quantified yet. In this connection, the impact and rebound effects of the 
DT on the ecosystem’s CO? footprint should not be neglected in subsequent research. 
To this end, the developed framework shall be considered as a starting point and evolv- 
ing concept, which needs to be further detailed with insights gained from evaluation, 
practical application, and future research. 
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Abstract. On the path towards a sustainable society, the availability of energy 
storage systems is an essential step — leading to increased demand for batteries. 
To achieve a sustainable society, it is necessary to manufacture batteries also in a 
sustainable way. One approach lies in virtual experiments. They aim at identifying 
parameters, recipes, and technologies in the digital world, before applying them 
to the physical production system. Thus, manufacturing is optimized in regard 
to sustainability indicators such as material consumption, emission, and waste — 
but also in regard to costs, quality, and yield. The faster ramp-up is especially 
important in the production of battery cells, due to the highly complex processes 
and critical materials. In this paper, we introduce a concept for virtual experiments 
platform in battery cell production. It includes collection of data, data aggregation, 
asimulation environment, as well as an optimizer. Also, it is integrated into existing 
production and IT systems. The virtual experiments platform functions as a service 
of a digital twin. Validation is conducted by realizing the virtual experiments 
platform on the electrode production of lithium-ion batteries. 


Keywords: Battery Cell Production - Sustainability - Digital Twin - Virtual 
Experiment - Digitalization 


1 Motivation 


The advancing climate change necessitates a shift from the use of conventional energy 
sources to renewable ones, which is accompanied by the indispensability of efficient 
storage of electrical energy, leading to a rapid increase in demand for battery cells [1, 2]. 
In the context of battery cell production, sustainability is proving to be a key challenge. 
Especially the use of digital twins can offer a solution for this challenge [3]. One specific 
approach that can lead to reducing the resource-intensive initial period for identifying 
machine parameters is the use of virtual experiments. This is to use less of the materials in 
production that may themselves have to be sourced from non-sustainable sources. Thus, 
the input/output ratio can be improved and a more sustainable battery cell production 
can be achieved. The concept of virtual experiments in battery cell production based on 
the digital twin is presented in this paper and the concept is evaluated in the context of 
electrode production. 
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2 State of the Art 


2.1 Battery Cell Production 


A battery cell consists of a cathode, an anode, collectors, a separator, the electrolyte, and 
a housing [4]. For many applications that rely on mobile energy storage, the lithium-ion 
batteries have emerged as the best solution in recent years. Production of the cells is 
divided into three main segments: electrode production, cell assembly, and activation or 
formation [5]. In electrode production — on which the explanations in this contribution 
focus — the production for anode and cathode follows the same process steps. The 
electrode foils are coated with a paste of active materials — the slurry — dried, calendered, 
slitted into narrower electrode strips, and finally vacuum dried [4, 6]. 


2.2 Sustainability 


Sustainability is broadly defined as “the ability to meet the needs of the present without 
compromising the ability of future generation to meet their own needs” [7]. Today 
ecosystems are exceeding the capacity for self-regulation from man-made disruptions. 
Climate change, overexploitation of land and natural resources, and loss of biodiversity 
are outcomes of these disruptions in ecosystems [8]. Therefore the use of resources 
must be adequately planned and emissions to air, water, and soil have to be measured 
and minimized. The ISO normed method of life cycle assessment (LCA) captures all 
material, energy, and emission flows that occur during the life cycle of a product system. 
From this ecological status-quo analysis, different scenarios for optimization can be 
investigated to enhance sustainability performance. Sustainability always bases on the 
three pillars of ecology, economy, and society [9]. This implies that sustainable and 
economic targets are not — as often perceived — contrary concepts, but are integrated 
in each other, therefore creating a strong interdependence. Nonetheless each pillar of 
sustainability can be targeted individually, but consequences for the other pillars have 
to be taken into account. 


2.3 Digitalization for a Sustainable Battery Cell Production 


Battery cell production is very energy-intensive and requires critical raw materials [10]. 
Digitalization can help to enable sustainable battery cell production in all pillars: eco- 
nomic, environmental, and social. The basis for this is created by the digital twin, which 
is a digital representation of physical objects. It includes the properties, states, and 
behavior of the object via data, models, and information [11]. The data generated during 
production can be aggregated in the respective digital twins, stored, and thus used for a 
variety of services — e. g. for simulations, or as input data for an LCA. 

Predictive maintenance or adaptive production can have a direct impact on economic 
key figures in the form of cost reductions. For this, the linking and analysis of data from 
the machine and product twin is essential, as this is the only way to make reliable 
predictions based on the production data. 

Social sustainability aspects can also be addressed by digitalized battery production. 
For example, the creation of transparency regarding the entire value chain of battery pro- 
duction is an essential factor in avoiding social injustice in the future. This transparency 
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can be enabled by the digital twin of the product, which contains data on the type of 
production or the origin of the materials. It serves also as a basis for automized LCA or 
the Battery Passport which is targeted by the European Union [12]. 

Furthermore, to enable the goal of ecologically sustainable production, data-based 
simulation use cases can be realized that increase the input/output ratios in cell 
manufacturing in the long term through optimized use of resources and energy. 

Simulation is intended to mimic the behavior of a physical scenario, whose effects are 
applied to a physical system [13]. In the field of battery cell production, there is related 
work addressing concepts for simulating impacts of the entire process chain on the battery 
performance such as [13]. Moreover, they state that various interdependencies in the 
complex battery cell production process are still unknown, and thus stressing the desire 
for more transparency [13]. Schönemann et al. [14] focus on a holistic framework for 
coupling multiple submodels of a battery cell production system, enabling transparency 
on process chain level. Thomitzek et al. [15] propose a multi-paradigm simulation for 
the entire process chain, focusing on energy demand. However, besides these holistic 
approaches on battery process chain level, no platform has been developed so far using a 
combination of simulation models that allows for optimizing machine parameters while 
considering the peculiarities of the specific process step, its intermediate product quality, 
and its interdependency to the final battery performance. To narrow this gap, we propose 
to establish a user-friendly virtual experiments platform for realistic experiments at the 
process step level. It would enable process experts to plan experiments more efficiently 
and support the production of high-quality intermediate products for the subsequent 
process step. The use of virtual experiments can help to reduce the resource-intensive 
setting of machine parameters for production [16]. 


3 Conception of Virtual Experiments 


3.1 Setting the Goal of Virtual Experiments 


The idea of virtual experiments is to support the parameter optimization in terms of 
sustainability measures in a virtual space. In other words, virtual experiments are not 
simulations, but virtual representations of real experiments that can be manipulated in 
the digital world to a certain extent. Thus, virtual experiments represent a special appli- 
cation of simulation-based engineering of production processes that aim to decrease the 
time to develop a product with optimal parameters in a virtual space before producing it 
on the physical machine. [17] Therefore, among other sustainability-related measures, 
the use of input materials as well as energy consumption will be decreased using vir- 
tual experiments. Moreover, virtual experiments increase transparency by supporting to 
understand cause-effect relationships of machine input parameters and output parame- 
ters of the product. In this case, virtual experiments are applied for understanding the 
process by simulating various parameter sets of the depicted machine. 


3.2 Virtual Experiments Platform Design 


Figure | illustrates the big picture of the virtual experiments platform (VEP). The bottom 
layer consists of the physical assets, on which physical experiments are conducted. 
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In production, these physical assets are the production machine and the product that 
is crafted on the respective machine. For both, the product as well as the machine, 
digital twins are used. Within the digital twin of the battery cell production, the data, 
models, and information of the relevant machine and product twins are aggregated. 
These aggregations are, for example, training data sets that link the machine parameters 
provided by the digital machine twin (e. g. of the coater) with the quality parameters that 
belong to the crafted product, e. g. the produced electrode foil. The quality parameters of 
the product are provided by the digital product twin. The data-based models and physical 
models that represent the characteristics of the particular process step are the basis of the 
VEP, which runs as a service of the digital twin of the battery cell production. The VEP 
allows for setting the input boundaries of machine parameters as well as parameters to 
be optimized (e. g. quality, energy, and material consumption). Based on the models, 
the parameters are shown within the VEP. The following step is to apply the optimized 
parameter set on the physical asset and validate the virtual experiment. 
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Fig. 1. Big Picture of the Virtual Experiments Platform (photos © Studio Wiegel). 


3.3 Development of the Virtual Experiments Platform 


In the following, an iterative development approach for the VEP is proposed. The general 
procedure bases on design thinking, which is useful for addressing complex issues by 
integrating the end user’s perspective [18, 19]. Design thinking has already been used 
in platform development to ensure that the needs of end users are considered [20]. 
Similar to the design thinking methodology, the development process for virtual 
experiments is executed in an iterative way so that a first version is available in early 
stages, which can then be improved. The first step of the development process of a VEP is 
to incorporate the perspective of the end user by identifying stakeholders and determining 
the need for virtual experiments similar to the Understand and Observe stages of design 
thinking [21]. Based on the understanding of the user needs, the platform’s scope and 
requirements can be defined in the next step. For this purpose, it is necessary to assess 
which experiments should be represented within the platform by identifying the critical 
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cause-effect relationships for sustainability through expert interviews or quantitative 
analysis. Moreover, the complexity of the experiments needs to be defined by specifying 
whether the parameters within experiments should be optimized with respect to a single 
optimization objective or multiple objective variables in parallel. As sustainability in 
production is dependent on several factors in parallel, it can be defined as a multi- 
objective optimization problem. 

To establish the data basis for a VEP, physical experiments have to be conducted in the 
second stage. The reason for this is two-fold. On the one hand, data-driven models such 
as machine learning algorithms need data for generating well-performing models. One 
the other hand, even for physical models a data basis is needed since expert knowledge 
is required for these models which can only be generated through physical experiments. 
Furthermore, physical models have to be validated on real data. For a VEP whose primary 
goal is to increase sustainability, there exist approaches that allow the data basis to 
be generated in a sustainable way by using as few input materials as possible while 
maximizing the exploration of the decision space [22, 23]. 

Once the data basis is ensured by conducting physical experiments, the frontend 
of the platform can be developed and connected with the models that are generated 
and validated on the data basis. The frontend should at least allow to set the input 
boundaries of the experiment and the target parameters as illustrated in Fig. 1. Based on 
the prediction of the models, the optimized target parameters and corresponding input 
parameters should be visualized in the platform. 

Similar to the last phase of design thinking, the final process stage of VEP devel- 
opment entails the validation by users to assess whether the requirements are reached. 
If adjustments are necessary, the next iteration of the development cycle begins. The 
iterative process that has been described in this section is illustrated in Fig. 2. 


Identify Users and their 
Needs 


Define Platfonn/Experiment 


Validate Platform . s 
Scope and Requirements 


Establish Data Basis and 


eve! > o s 
Develop Frontend Data Understanding 


Create Models | 


Fig. 2. Virtual Experiments Platform Design Process. 


4 Application of Concept in Battery Cell Production 


The developed concept of VEP was applied in battery cell production at a coating line 
of Fraunhofer Research Institution for Battery Cell Production FFB. Due to its modular 
structure, transferability to other production processes and environments is given. 
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4.1 Coating Line at FFB Workspace 


In 2021, Fraunhofer started operating a coating line with clean room technology — the 
“FFB Workspace”. Its focus lies on innovative production procedures for slurry mixing, 
coating, and drying in the electrode production. The production machinery consists of 
a twin-screw extruder for continuous slurry mixing and a slot die coater with attached 
dryer for anode coating. As the research team experiments with continuous mixing 
techniques and different materials, the production recipes are frequently changed. Each 
change in the production recipe can lead to a different behavior of the machinery during 
the potentially material intensive and time-consuming ramp-up phase. The optimization 
of these ramp-up phases is one possible use case for which a VEP is developed via the 
methods described in Sect. 3. 


4.2 Implementation of the Process at FFB Workspace 


As described in Sect. 3.3 the design process for developing the VEP starts with identi- 
fying the users of the platform and their needs. For this purpose, interviews with experts 
for electrode production are conducted to define use cases for the slurry mixing and 
coating/drying process. Possible general use cases could be to find ramp-up recipes with 
reduced material throughput or to find faster ramp-up procedures for configuring the 
process parameters. The specific parameters to be optimized during slurry mixing or 
coating/drying will be chosen, building on preliminary research on cause-effect rela- 
tionships in battery cell production [24]. Based on these requirements, the scope of the 
platform and the experiments can be defined. Real experiments on the extruder and/or 
coater are planned and conducted to create the needed data basis consisting of the pro- 
cess parameters and inline quality measurements. The data basis also includes additional 
offline quality measurements — e. g. the slurry viscosity — and input material qualities. 
The subsequent steps in the design process, which are the model creation, frontend 
development and the platform validation follow as described in Sect. 3.3. Table 1 lists 
the specific content underlying the VEP components for an example use case of the 
coating/drying process focusing on optimizing the product quality. 


4.3 Digital Infrastructure for the Realization of the VEP 


The digital infrastructure to realize the VEP is based on the big picture presented in Fig. 1. 
The machinery is connected via an OPC UA interface [31]. The process parameters, inline 
quality parameters, and machine states are read out via OPC UA and stored in time series 
databases as part of its respective digital machine twin. Offline quality parameters and 
material data are stored in relational and document-oriented databases as part of the 
digital product twin. 

The relevant data out of these databases is aggregated in data sets and transformed 
into suitable data formats in the combined digital twin of production. These data sets 
will then be used for validating the physical models or training the data-based models. 
The simulations with these models shall run as services on the combined digital twin 
where the communication with the VEP will be made possible via its API. The VEP 
can run outside of the digital twin, e. g. as a web service, depending on the needs of the 
users. The advantages and disadvantages of the VEP are summarized in Table 2. 


Virtual Experiments for a Sustainable Battery Cell Production 


591 


Table 1. VEP content for a use case of coating/drying process with focus on product quality 


VEP Component Specific Content Realization Related 
Type Work 
VEP front end Selection of target Connecting target 
parameters (e. g. layer parame-ters and input 
thickness and cell boundaries with models 
capacity) and input (e. g. for predicting cell 
boundaries capacity and layer 
thickness) 
Physical model Fluid simulation of slot CFD simulation [25] 
die 
Heat transfer in dryer Analytical model [26] 
Data-based model Prediction of electrode Machine Learning model [27] 
heterogeneity 
Assessment of cell Machine Learning model [28] 
capacity 
Data aggregation for Aggregation of machine | Digital twin middleware 
modeling and quality parameters, e. 
g. slot die settings and 
layer thickness 
Cell-specific Traceability system [29] 
aggregations 
Digital twins Semantic model of the Asset administration shell | [30] 
asset (e. g., meta data, 
machine states/quality 
parameters, models) 


Table 2. Advantages and Disadvantages of a Virtual Experiments Platform. 


Advantages 


Enabling faster ramp-up of battery cell 
production 

Stable platform and high availability due to 
open-source software technology stack 
Creation of data basis for training or 
validating models 

Better understanding of cause-effect 
relationships 


Disadvantages 


More expertise and disciplines necessary in the 
ramp-up, such as computer science and 
simulation 

Additional effort for developing platform 
Models need to be adapted if process changes 
on physical side 
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5 Conclusion 


In this paper, the need of sustainable battery cell production processes was presented. 
Digital twins were identified as enablers for a more sustainable battery cell production, 
as their data aggregation can be used as the basis for many services, ranging from visu- 
alization to advanced services such as the VEP introduced in this paper. The idea of 
virtual experiments is to accelerate parameter optimization in terms of sustainability 
measures and decrease the actual physical experiment effort. Thus, material consump- 
tion can be reduced. The user sets input boundaries and target parameters to be optimized 
and the platform returns the optimized parameter set which is then applied on the actual 
machine. For developing such a platform, an iterative six-step development approach 
based on design thinking was proposed. Similar to design thinking, an end user perspec- 
tive is adopted. Finally, it was described how the virtual experiments platform can be 
applied in the battery cell production using the example of the electrode production in 
the “FFB Workspace”. Further research should lie on broadening the validation of the 
VEP conception to increase sustainability in the battery cell production. 
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Abstract. This paper addresses the megatrend of urbanization as well as the asso- 
ciated challenges of climate change and its relation to sustainable manufacturing. 
An enormous lever for improving the climate balance is offered by the consis- 
tent use of renewable building materials. In the Berlin/Brandenburg metropolitan 
region, wood as a building material in particular should play a central role in 
achieving the climate targets. To realize this, it is not only necessary to use the 
potential of wood as a raw material for storing carbon, but also to embed wood 
construction in regional value chains and integrated digital production systems in 
order to be able to optimally design innovative value creation fields, new regional 
products and efficient material cycles for increasing sustainability. In the con- 
text of this work, the information flows along the value chain are investigated 
and transferred into a digital model. Existing digital concepts such as the “Open 
BIM” approach (Building Information Modeling) have been incorporated and 
shape the entirety of the value chain module developed in this paper for serial 
prefabrication in multi-story timber construction. Material and information flows 
are analyzed, interfaces between the actors are identified, value-adding factors 
of timber system construction are systematically examined for their effects, and 
industrial prefabrication is aligned with a digital model. 


Keywords: Manufacturing Systems - Sustainable Smart Cities - Digital Value 
Creation Chain - Wooden Construction 


1 Motivation 


At present there is a dynamic environment which, in the name of environmental pro- 
tection, places high demands and new framework conditions on the entire sector of the 
construction industry. In addition to government measures and legal regulations, the con- 
struction industry is independently able to determine the demand for cement and thus 
regulate one of the largest greenhouse factors. Cement and concrete are of great impor- 
tance for construction and infrastructure projects, but their impact on the greenhouse 
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effect is just as great. The production of cement, the binding agent in the manufacture of 
concrete, alone accounts for around eight percent of global CO2 emissions. In addition, 
with the exception of a few aggregates, all the starting materials for concrete are primary 
raw materials, the extraction of which requires energy and impairs or even destroys the 
landscape and nature. Wood as a storing product for carbon offers a promising alterna- 
tive here. Buildings are considered to be the most sustainable storage facilities because 
they have a long-lasting life cycle [1]. In scientific comparative analyses, it has already 
been demonstrated that building constructions made of wood can save up to 56 percent 
greenhouse gases compared to a mineral-based one [2]. This can be further increased 
through cascade use. An essential cornerstone in the further development of sustainable 
urban concepts is still the affordability of building and living. The building culture in 
Germany emphasizes these points and seeks to reconcile the ecological, economic and 
sociocultural dimensions. In Berlin concrete measures and recommendations for action 
are based on the resolution of the Berlin House of Representatives of March 21, 2019. 
Under the title “Sustainability in construction: Berlin builds with wood” [3], wood as a 
building material is to be used to a much greater extent in Berlin and, as a carbon dioxide 
reservoir, contribute to climate protection and resource efficiency. In doing so, the Senate 
is called upon to support forestry, crafts, industry and science in order to develop Berlin- 
Brandenburg into a region of timber construction. However, the increased use of wood as 
a building material for multi-story residential buildings requires an increased industrial 
scaling of the manufacturing processes. Therefore, the development of a horizontally 
and vertically digitally networked value chain for urban housing construction based on 
an economic and resource-efficient production system is required. Focusing on the wood 
construction sector of course such an approach has to tackle various challenges. 
These major challenges exist in following areas: 


e High re-planning efforts for prefabricator due to regulatory restriction in Germany 
prohibiting involvement of executing companies in planning processes of building 

e Missing flexibility of prefabricators in transferring individualized architectural 
designs into production systems 

e Missing competences and capacities by flexible craft-oriented prefabricator to scale 
up their production to an industrialized one 

e Missing approaches for an iterative sustainability assessment of wooden buildings 
along the entire life-cycle 


As a first step on this change, chapter two investigates on the current driver in the wood 
construction sector followed by a brief description on the current situation with regard 
to the interaction of planning and pre-manufacturing tasks in chapter three. Chapter four 
addresses the role of Building Information Modelling (BIM) as one possible enabler 
for a sustainable digital value chain and finally chapter five is summarizing specific 
requirements and fields of action. 


2 Current Driver in Wood Construction Sector 


The technical possibilities for prefabrication of wooden building systems have expanded 
greatly in recent years [4]. Most of these solutions are applied in the single-family house 
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area. This is particularly due to the fact that here the element variants are limited and the 
prefabricators work with standardized superstructures and connections that are company 
specific developed and optimized. The guiding principles of prefabrication include the 
standardization of work steps, the systematization of process planning, and interdisci- 
plinary cooperation between planners and those carrying out the work. According to 
the industrialization paradigms in construction developed by GRIMSCHEID, process 
orientation is one major pillar [5]. In the area of multi-story buildings, the potential is 
not fully exploited, since here the effort for planning and organization increases con- 
siderably with the number of element variants. In practice, the great design freedom 
of architects leads to individually developed superstructures and connections which, as 
project-specific detailed solutions, have virtually no repetition in prefabrication. 

In general, industrialization requires interdisciplinary planning, as well as close coop- 
eration between all involved planners, suppliers and executing companies, based on 
processes that link activities with defined follow-up relationships and with a continu- 
ous flow of information. The basic principle of individualized mass production is based 
on the intensive use of the most modern information and communication technolo- 
gies in conjunction with modern manufacturing processes. The additional costs arising 
from customized production consist largely of information costs. The transmission of 
specifications to the production department, the increased complexity in production 
planning and control, coordination with the trades and suppliers involved in the prefab- 
rication, as well as targeted distribution logistics are just a few indicators of the high and 
cost-intensive information and communication requirements. [6]. 

The core task of information technologies in the context of mass customization is to 
transfer the information about the specification of the customer’s requirements at the right 
time and in the right place. A promising approach lies in the integration of prefabrication 
and integral planning with extended BIM components (Building Information Model). In 
this way, the increasing demand for urban and affordable living space can be met with 
the necessary sustainability goals in product as well as in production [7]. The following 
chapter introduces the actual situation on that purpose. 


3 Status Quo Analysis of the Value Chain 


The aim of the status quo analysis (see Fig. 1) was to examine the value chain with regard 
to existing findings from relevant studies and projects in order to derive a concretization 
of the digitization level of the timber construction industry based on this. For this purpose, 
a structured research and interviews were conducted with stakeholders along the value 
chain. The findings of these investigations have been transferred into a value chain model. 
A comprehensive view of value creation can be taken by the value creation factors of 
product, organization, equipment, process and people [8]. An integrated mapping of the 
factors described can be achieved by using enterprise models. Therefore, a value chain 
model has been created using the Integrated Enterprise Modelling Method (IEM) [9]. 

In a next step further investigation on existing digital solutions, research projects 
and challenges and opportunities took place for the derivation of specific potentials and 
requirements. 
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Fig. 1. Pathway of investigation. 


3.1 Process and Digital Characteristics in Wood Construction 


In contrast to conventional construction, timber construction based on prefabricated 
elements requires an earlier detailed examination of the construction process due to its 
higher degree of prefabrication. In the German-speaking countries, however, the strict 
separation of planning and execution is a major barrier. This is also reflected in the 
simplified value chain model (see Fig. 2). 


El | Building Design [Architect] : 3 
2 = 
g EREA meae ear = oe = 
z f b Pf ’ ' a 
A | Planning of prefabrication [Prefabricator] 4 E. 

lanma nannmp man np nanna nany an = 
wf ea eee eeema sear eee She 
foo ' Automation [Machinery] 1 = 

I 


teow 


à a a a a 
t [Harvester] [Sawmill] [Wood Processor] [Prefabricator] [Assembly Staff] _ 


Fig. 2. Status Quo of information exchange between planning and execution. 


Here, especially the vertical integration between the building design and planning 
of the prefabrication processes is still lacking. Approaches like leanWOOD [10] are 
addressing these challenges already and provide solution concepts for a more integrated 
planning process between the two disciplines. This way, the process can be shortened 
and the results optimized in terms of quality, deadlines and costs. Furthermore, an 
early involvement of prefabricators allows for a much more detailed consideration of 
company-specific solutions and supply chains, which can contribute to a better assess- 
ment and optimization of the sustainability of buildings in an early stage. Nevertheless, 
the implementation of the proposed approaches is still lacking. 

When transferring the 2D or 3D CAD data of the architect’s design into the CAM 
planning of the prefabrication of the respective timber construction company, the 
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company-specific conditions of the production processes installed there must also be 
considered. The CAM data are usually based on a 3D model and serves as the source 
for the machine control and tool selection of CNC systems. Production-relevant aspects 
such as material and energy consumption, static dimensioning, element pitches, etc. 
can be evaluated and optimized at this stage. Afterwards, all changes in the planning 
are associated with high effort in the execution or omitted planning services lead to a 
production repetition and thus to cost-intensive delays in the construction process. [11, 
12]. 

A continuous computer-integrated manufacturing (CIM) chain of this kind has so 
far hardly been realized in the construction industry, with a few exceptions [13]. 

A further basis for industrial prefabrication is early and precise production and 
work scheduling. In most cases, work scheduling centers on a virtually modeled, three- 
dimensional building model, which is created with a CAD-CAM program. The planning 
data generated in this way can be used to obtain all the information required for produc- 
tion and converted into two-dimensional planning documents and individual part draw- 
ings. This also includes automatic generation of bills of material, machining programs 
and material requirements. [14, 15]. 

The additionally increased focus on ecological factors and its sustainability assess- 
ment, but also the desire for greater individualization is giving a significant boost to 
digital construction. This development calls for end-to-end information technologies for 
the designation of elementary data along the entire building life cycle. 


4 The Role of BIM as an Enabler for Integration 


With prefabrication, the systematization of detailed solutions is essential and insepara- 
ble from the early design phases. This necessity links modern timber construction with 
the BIM method, which describes a holistic approach of planning, execution and man- 
agement of buildings with the help of consistent data availability. The basic idea is to 
digitally capture all relevant building data, link them together and, ideally, store them 
on a common data platform (see Fig. 3). [10, 12]. 

With the progressive further development and implementation of BIM along the 
entire value creation, the unidirectional exchange of information will be successively 
replaced [16]. Such a comprehensive and integrative value creation chain, in which all 
actors involved in planning and execution come together at an early stage of building 
development and explicitly align the results with the production process, corresponds to 
the so-called open-BIM model. 

The results are brought together in a 3D model on a central data platform by means 
of a uniform data exchange format (e.g. Industry Foundation Classes (IFC)) and ideally 
linked to production-relevant data. Nevertheless, these solutions should be adaptable 
especially for small businesses with a hand-craft orientation. The provision of the nec- 
essary up-to-date production data represents a decisive step towards a digital integrated 
production. Automatic recognition of geometric properties by means of so-called “fea- 
ture recognition tools” works for many standard machining operations, but is error-prone 
and not suitable for complex free forms. If the component geometry has been designed 
parametrically-associatively, this information must be made available to production via 
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Fig. 3. BIM platform for information exchange. 


appropriate interfaces within the digital value creation chain. In timber construction, 
these are mainly CAM data formats such as “BTL” and “BVX”, which allow a machine- 
independent description of the geometry as well as information on machine processing. 
[12, 14, 17]. 

For this digital information flow with the integration of various data types from 
different stakeholders, completely in the sense of the Open-BIM approach, no suitable 
software is currently available. Research projects on the subject of data transfer in timber 
construction offer initial approaches to standardized and interdisciplinary data models. 
An example of the object-specific relationships of a component, in comprehensive data 
models, is the aggregation of information about: 


e Component (e.g. material, geometry, supplier, processing etc.), 
e Building (e.g. statistics, floor plans, energy management etc.), 
e Material (e.g. wood origin, carbon footprint, treatments etc.). 


However, in order to make optimal use of the potential of the digital value creation 
chain and to harmonize the various data models across different product phases, the 
requirements for the interface exchange still have to be defined by the timber construction 
companies. In this respect, the BIM method shows parallels to the fundamental concept 
of a digital and continuous value creation chain. [17]. 


5 Conclusion on Potentials and Requirements 


The potentials of an end-to-end information exchange within the timber construction 
industry in Berlin/Brandenburg can be proven in many places. In this context, the great- 
est possible effect can be achieved not only through the cooperation of the timber con- 
struction companies themselves, but rather through a vertical as well as horizontal digital 
value creation chain of the entire Berlin/Brandenburg value-added (timber) construction 
system. The accompanying integration of the Open BIM model supports efficiency, espe- 
cially in the planning and preparation process, and opens up access to excellent process 
models. Thus, the industrialization of the prefabrication of the wood system compo- 
nents with an accompanying flexible automation is an essential lever for the sustain- 
able establishment of the wood-based materials in multi-story residential construction 
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in Berlin/Brandenburg. The development of regional and digital value creation chains 
requires networked action by all players. In order to be able to set up such value chains 
with trustworthy partners quickly and at low cost, common interoperable infrastructures 
for data exchange are a prerequisite for being able to use available data efficiently. The 
following table presents the main requirements in tabular form (Table 1). 


Table 1. Digital value creation chain requirement table. 


Requirements Example 


Utilize digitization Information and material flows backed by 
automation solutions are only possible with 
digital support 


Consistent joint planning The realization of a continuous value chain in 
planning and construction requires cooperation 
between the planning actors (administration, 
architects/planners, specialist engineers) and the 
executing companies 


Build regional value chains The development of regional value chains 
requires networked action by all players. An 
integrated regional value chain can be established 
through horizontal and vertical cooperation 


Interoperable infrastructures for data Make available data efficiently usable. The 
exchange end-to-end value chain in timber construction can 
only be realized significantly across companies 
and through digital solutions 


Establishment of a regional cooperation In addition to the exchange of information, the 
network for local businesses objectives of the cooperation network should lie 
in the identification of required interfaces across 
companies and systems to enable a digital 
information exchange 


With the methods of digitization, processes in the construction industry can be sig- 
nificantly optimized and new possibilities for individualization and traceability can be 
realized. For example, relevant data from prefabrication can be embedded in the end-to- 
end digital value chain of the wood system components and comprehensively evaluated 
ina life cycle analysis. The new and additional requirements for a forward-looking build- 
ing culture can hardly be solved by other technologies, so that the circle to an overall 
ecological, economic and social sustainability is closed here. 
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Abstract. Smart manufacturing is the future of sustainable manufacturing entities 
with the emergence of innovative technologies readily available to foster industrial 
production. It becomes imperative for Small Medium-sized Enterprises (SMEs) 
to adopt the initiatives of the fourth industrial revolution termed Industry 4.0, to 
improve productivity and efficiency. SMEs are vital for the economic growth and 
social transformation of any nation, as such incorporating emerging technolo- 
gies would generate more revenue and support sustainability. One of the major 
challenges facing the SMEs in a competitive and dynamic manufacturing envi- 
ronment is adapting the technique and implementation of smart enabled systems. 
The current manufacturing data information architecture for smart manufacturing 
is premeditated for big organisations with funding and skills to implement such 
systems, however SMEs struggles to cope with such advancement. This paper 
aim to propose a concept based data collection architecture to aid SME using the 
systems of smart manufacturing for internetwork communication, prediction and 
analysis. This study proposes a conceptual data architecture framework, which 
SMEs can utilise for data collection and integrate into any type of small-scale 
industrial production settings to enable effective decision-making. The success- 
ful demonstration of the concept is to gear manufacturing SMEs towards smart 
systems with no-need for high-level implementation techniques. 


Keywords: Manufacturing system - System architecture - Conceptual design 


1 Introduction 


Data collection is critical in a manufacturing system. The ability to collect accurate 
data in an affordable manner is important to an enabling appropriate decision making. 
Small medium sized enterprises (SMEs) lack the funds required to collect accurate data 
in real-time; hence poor planning and productivity [1]. The ability to collect, analyse 
and communicate data through an affordable technique is crucial to any organisation. 
Globally, smart manufacturing is getting recognised as a value adding technique with the 
introduction of the fourth industrial revolution [2]. The SMEs that are readily flexible 
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and agile stand to benefit immensely from adoption and implementation of data collec- 
tion architecture. For this reason, effective data collection structure is necessary. Smart 
Manufacturing Systems (SMS) defines the view of predictive tool, decision devising, 
and susceptibility to ubiquitous information from big data environments to help man- 
ufacturing enterprises better predict, balance production and improve efficiency and 
productivity [3]. 

SMS pronounces the merging of the digital and physical worlds within the man- 
ufacturing setting [4]. The National Institute of Standards and Technology (NIST) 
defines smart manufacturing as “fully-integrated, collaborative manufacturing systems 
that respond in real time to meet changing demands and conditions in the factory, in the 
supply network, and in customer needs” [5]. Smart manufacturing is characterised by 
digitalisation and service-orientation, connected and autonomous cyber physical system 
(CPS) objects, collaborative supply networks, integrated and decentralised decision- 
making, interoperability and advanced analytics [6]. It is considered as a new paradigm 
that carries the convergence of the cutting-edge information and communications tech- 
nology (ICT) and manufacturing technologies. The added advantage of meeting the 
personalised customers’ needs rather than only completing the manufactured products 
will intensify customers’ interest [9]. Thus, SMS is estimated to be far more capable than 
usual manufacturing processes [10]. Industry 4.0 gives a boost to computer-integrated 
manufacturing (CIM), allowing a more decentralised architecture based on Customer 
Premises Network (CPN) [11]. Internet of Things (IoT) allows integrating devices and 
equipment into the company’s information system infrastructure [12]. While Industry 
4.0 tools enhances Machine to Machine (M2M) communication [13], CIM was ini- 
tially developed with a focus on human employees [14]. This includes self-organised 
diagnostics and repair request communicated to machine and equipment suppliers and 
allowing smart and intelligent predictive maintenance (SIPM) [15]. Components within 
the Industry 4.0-framework act as autonomous agents [16]. The transition from usual 
manufacturing towards smart manufacturing usually passes through the stages of con- 
nected (computerisation and connectivity), transparent (visibility and transparency), and 
intelligent (predictive capacity and adaptability [17]. 

Big data plays a key role in SMS, as big data is used for manufacturing operations’ 
optimisation, efficient planning and control, predictive supply, fault diagnosis, asset 
utilisation, and risk assessment [18]. Implementation of data science for SMS can be 
achieved through four enabling technical approaches; these include Data Technology 
(DT), Analytic Technology (AT), Platform Technology (PT) and Operations Technol- 
ogy (OT) [19]. Data-driven can be utilised in manufacturing, however, the conceptual 
model to implement such is required. Therefore, this paper pushes for a simple effective 
framework to structure data for the benefit of SMEs to ensure competitiveness. 
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2 Literature Review 


Enterprise architecture is defined as a model organization use to design and implement 
information, technology, infrastructure and systems [21]. Enterprise data architecture in 
this study refers to the design and implementation of a data collection system for SME. 
Data collection is a costly exercise and manufacturing should provide cost-effective, 
sustainable, and safe manufacturing. [22]. The ability to collect data effectively requires 
enterprises to invest in data collection tools and systems. Many SMEs do not have the 
funds to invest in such resources; hence, their organisation suffer from low productivity 
and efficiency [20]. Industry 4.0 has opened the opportunity for organisations to take 
advantage of the internet of things, big data technology, and cloud computing without 
investing a significant amount of resources and skills required to design such systems. 
Data collection architecture proposed by multi-level integration is intended for large 
industries [20]. Utilising data collection tools linked to cloud hosting can have SMEs 
manufacturers to make decisions based on data, hence improving the business’s oper- 
ations. There is an extensive definition of smart manufacturing, according to Wallace 
and Riddick [23]. Smart manufacturing is described as a concentrated data applica- 
tion of information technology at the shop floor level and above to enable intelligent, 
efficient, and responsive operations [23]. The highlight concerning SM is the use of 
advanced data analytics to improve manufacturing operations at all levels of network, 
from shop floor, factory, supply chain, with the aid of information and communication 
technology (ICT) [24]. Some authors extended the knowledge of the smart manufac- 
turing framework beyond the perception of manufacturing, but to all-round life cycle 
data management [25]. Based on the past research, review relating to data architecture 
designed is conducted in this section to specifically conceptualise for a low-level SMEs. 


2.1 Smart Manufacturing Systems of Industry 4.0 


Smart manufacturing is a data-driven connected network of a number of integrated tech- 
nologies such as cloud computing, cyber-physical production systems (CPPS), internet 
of things (IoT), robotics/automation; all these are suitable for SMEs adoption [12]. The 
technology roadmap and changes in manufacturing paradigms are categorised into three 
basic levels [12]: 


1. Information and communication technology (ICT): Computer network — Internet; 
Information space — World Wide Web (WWW or the Web); Agent technology; 
Mobile technology (communication protocol); Cloud technology; Internet of Things; 
Big data; etc. 

2. Manufacturing technologies: Machining techniques — Computer Numerical Control 
(CNC); additive manufacturing — 3D printing; Reconfigurable machine tools; etc. 

3. Artificial intelligence (AI): Computer & computing techniques; Cognitive tech- 
nology — software-based; Computer-aided Diagram/Manufacturing (CAD/CAM), 
Enterprise Resource Planning (ERP), etc.; Robotics techniques — industrial robots, 
etc.; Virtual techniques; etc. 
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2.2 Benefit of Smart Manufacturing and Data Analytics 


Post pandemic effect changes the way business is done globally, according to Almeida et 
at [24], 24% of businesses felt the urge to invest more in digital workflow and optimized 
automation technologies while 18% of companies expect to spend more on data ana- 
lytics tools. The increase in fluctuating demands from customers throughout the entire 
manufacturing operations necessitate real-time response by the manufacturers, SMEs 
inclusive. Data in manufacturing is no longer a choice; it is now the required tool to help 
SME stay competitive in the vast manufacturing market. An architecture methodology 
proposed in [24] described work outlines for the integration of data collection tools, 
in-house manufacturing systems, and cloud computing to enable smart manufacturing 
systems with artificial intelligence (AI). However, the small manufacturing ventures are 
yet to utilize the full advantage of data analytics for efficient use. 


2.3 Big Data Informatics for Small Medium Enterprise 


The consideration of business informatics according to industry 4.0 principles, SME 
companies need to tackle two factors to remain active [18]: (1) analytical tools that can 
accurately capture and predict consumer patterns, and (ii) an automated closed-loop 
feedback system that can intelligently inform business processes to respond to changes 
in real-time based on the inputs received (data trends, user experience, etc.). Simplified 
big data value chain includes at least 4 stages [18]: 


1. Data sources, during the data-generation stage, a stream of data is created from a 
variety of sources: sensors, human input, etc. 

2. The raw data is combined with data from other sources, classified, and stored in 
some data repository. 

3. Algorithms and analytics are applied by an intelligence engine to interpret and 
provide utility to the aggregated data. 

4. The outputs of the intelligence engine are converted to tangible values, insights, or 
recommendations. 


The opportunities for sustainable smart manufacturing environments from a macro 
and micro perspective, these efficient data managements are pinned on: business models, 
value-creation network, products and processes [21, 24]. Table | present a summary of 
smart manufacturing approaches useful for SME adoption. 
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Table 1. Summary of smart manufacturing and scope of SME adoption. 


Key smart interaction models 


Cloud computing and automation 
systems 


Main usage of smart technologies for 
SME 


- Concept on cloud computing 
technology for industrial automation 
- Architecture to improve information 
flow, control, reliability and real-time 
issues 


Authors/year 


[25] 


Big data environment (Advanced 
analytics) 


- Assembly lines highly automated and 
intelligent systems to handle data, 
self-aware control machines 

- Manufacturing and big data prediction 
to achieve high productivity 


[25] 


Smart factory and decentralised 
manufacturing 


- Enabling technology involving the 
concepts of embedded systems, 
communication technology (wireless), 
automatic identification technologies, 
situation recognition (sensor fusion) 

- Context-aware production systems and 
real-time 


[26] 


Networked control systems 
(advanced sensor) 


- Sensor technologies and integration of 
knowledge aim to increase the 
transformation of the factory 

- Implementation of state of the art 
networked control systems for 
stabilizing linear systems, network 
topology, and event-based energy 
efficiency 


[27] 


Advanced robotics 


- Stronger adoption of advanced 
robotics technology is reckoning in 
automotive; SMEs can use it for 
autonomous activities 

- Usage of robotics is mostly assumed 
an high level technology but very useful 
in automation when compared 
manpower equal labour cost 


[28] 


Additive manufacturing (3D 
printing) 


- No widespread adoption of 3D printing 
by the SMEs in value adding and 
understanding manufacturing problems 
better 

- 3D printing for low-level or customise 
and scalable production entry 
opportunities 


[30] 


(continued) 
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Table 1. (continued) 


Key smart interaction models Main usage of smart technologies for Authors/year 
SME 
IT skills and training - Generally, software/digital skills are [31] 


needed to support the smart move 
towards industry 4.0; combination of 
Internet of Things talent, business 
intelligence and fundamental education 
for IT skills 


3 Methodology 


Manufacturing system architecture demonstration is subjective to enterprise require- 
ments. As such, researcher seeks to design a conceptual data collection architecture 
for SME to manage; thereby becoming efficiently smart in manufacturing. The usual 
knowledge about data analysis process follows the cross industry standard process for 
data mining (CRISP-DM). The concept known as CRISP-DM approach is the basis set 
for data mining and useful for entry level of manufacturing ventures, adopted [33] (see 
Fig. 1). 
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[} | 
Numerical 
prediction 


Fig. 1. Cross industry standard process for data mining (CRISP-DM). 


CRISP-DM approach introduces standard phases for data science in business, 
namely; 


Business understanding 
Data understanding 
Data preparation 
Modelling 

Evaluation 

Utilization 
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To demonstrate an effective Data Enterprise Architecture (DEA) solution, the 
research partner with an SME to solve basic real life manufacturing problem; a con- 
ceptual solution was developed after point and dot assessment. The DEA application 
focused on productivity record and reduction of downtime as a problem to be solved. 

In order to project a cognitive DEA solution, the use of database roles was conceptu- 
alized to form a broader flowchart inter-network based on functions and attributes. The 
attributes are in line with the company’s character (a small-scale textile venture), starting 
with the process production configuration sub-divided into functions. An encompassing 
data collection architecture was conceptualised for the SME smart manufacturing users. 
This was done to ensure that there is a control of what to use in an appropriate environ- 
ment and get the targeted results. The data architecture structure conceptualized in this 
study to attain a smart system phase is presented in Fig. 2. 
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Fig. 2. Data Architecture for implementing data analytics 


With smart manufacturing system, real time information is essential. Thus, the func- 
tion and attributes of decomposable data capturing architecture on the bases of SME ven- 
ture understanding, model, network and configuration is denoted. This concept premised 
on basic intelligent system using cell sensor, external server, and internal database for 
data analysis and prediction. The structure is to allow enterprise to collect data, anal- 
yse, and decide on the functioning of the manufacturing decision, continuity, quality of 
products and digital order. 


4 Conclusion 


Unambiguously smart enabled manufacturing has been critically viewed as a tool for 
the SMEs to thrive in the competitive business market. A small and medium-sized ven- 
ture will benefit more through the adoption of smart technologies to improve product 
quality, reduce lead times, reduce overtime, better cost estimation, increasing through- 
put, improving productivity, minimising work-in-process and better production planning 
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among others. Among these operational benefits, decision making with appropriate and 
precise information is crucial in achieving the aforementioned benefits. As such, this 
study had proposed a data architecture for SME smart manufacturing approach; this is 
different in a sense that it is simple, and it is a design-fit-all for any person without exten- 
sive skills to implement. SME in nature are hesitant to adopt technology, this architecture 
is designed to ensure that it is easy for the middle-sized manufacturing sector to adopt 
thereby leading to technology diffusion. Recommendation for this study on the long term 
includes management activities with respect to manufacturing enterprise execution and 
implementation with regards to specific small scale ventures. This contribute to closing 
gaps encountered and the acquisition and implementation of information systems and 
technology. 
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Abstract. As Industry 4.0 has reached its first decade the new concept has 
appeared in the literature - Industry 5.0. With an emphasis on human role with the 
digital system, Industry 5.0 emphasizes the aspects of environmental awareness 
and sustainability in focus which serves as an upgrade to the previously presented 
concept. Although Industry 4.0 hasn’t yet been implemented at the expected level 
in manufacturing companies all around the globe, this paper studies the current 
trends in Industry 5.0, the transition from 4.0 to 5.0 or directly to 5.0 by current 
evidence from the literature. 

Based on the given extensive literature review, this paper provides a list of 
key enablers of Industry 5.0, possible directions of its development, influential 
transitional criteria, its advantages, and barriers. 


Keywords: Industry 5.0 - Digital transformation - Sustainability - Flexible 
manufacturing 


1 Introduction 


Industry 4.0 has passed its first decade, but its full implementation by the strategic plans 
of many countries then presented, hasn’t occurred yet [1]. The demand for flexible and 
agile manufacturing has increased even more over the years, as the world faced many 
unexpected challenges, as Covid-19 pandemic, for example. The high demand changed 
behavior of customers and restrictions have caused disruptions in supply chains when 
the industry hasn’t yet implemented a fully functioning solution [2]. This is where the 
latest digital technologies play an important role to avoid the unnecessary and unpleasant 
increase of cost and time loss. Industry 4.0 has provided a background for the manufac- 
turing digitalization resulting in a flexible and self-optimizing system which can provide 
answers for the dynamic market in relatively short time [3]. 

The pathway from the traditional to digital manufacturing demands complex changes 
on many level that also require a high initial investment which can be very challenging, 
especially for the small and medium enterprises. Therefore, many researchers have 
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dealt with the barriers which disable the transition towards Industry 4.0. One of the 
most common is the lack of knowledge about the digital principles which causes the 
inability to be aware of the future benefits which provides the potential higher initial 
investment in the new technologies. Second is the lack of human skills and knowledge 
which would enable the proper functioning of the digital system which requires the new 
skills and human positions for which the special internal trainings and education that 
must be provided, because the traditional academic structure hasn’t yet incorporated 
this on the needed level [4]. This also causes the fear of human job loss because most 
of the manual tasks are now automatized and no longer require a human worker. To 
avoid these obstacles, before the Industry 4.0 technology implementation the strategic 
transformational plan should be defined for the optimal transition which maximizes the 
future benefits and minimizes the transitional time and cost [5]. 

To avoid obstacles of Industry 4.0 implementation, to give a response on the new 
market and global society trends, but also the improve the workers’ life quality and 
enable the sustainability of the system, concept of Industry 5.0 is presented as a green 
and sustainable step further for the digital manufacturing systems [6]. As a relatively 
new concept, in the next chapters the literature review of the currently published papers 
will be given to explain the Industry 5.0 concept, based on which the most important 
characteristics of Industry 5.0 will be singled out, and key enablers will be defined as a 
guidance for the optimal transition from 4.0 to 5.0. 


2 Industry 5.0 


The first records of Industry 5.0 have been mentioned in 2017, and beside the digital 
transition the green component of a system plays an important role. Principles of Indus- 
try 5.0 must not only impact the single company but influence the entire society. The 
European Union states that Industry 5.0 “It places the wellbeing of the worker at the 
center of the production process and uses new technologies to provide prosperity beyond 
jobs and growth while respecting the production limits of the planet” [7]. Therefore it 
“complements the existing “Industry 4.0” approach by specifically putting research and 
innovation at the service of the transition to a sustainable, human-centric and resilient 
European industry”. This kind of concept benefits not only the industry but also the 
worker as an individual and entire society. It creates a more resilient system to external 
changes and shocks with also a “greener” approach as another characteristic. 


2.1 Literature Review 


The most relevant scientific database Web of Science has been searched by tag “Industry 
5.0” and most interesting and important work found will be described in following. 

Xu et al. (2021) have stated that the main difference between the Industry 4.0 and 5.0 
is that the 4.0 is technology driven, while 5.0 is value driven. They find EU directive as 
the main enabler of the 5th industrial revolution with three core values of manufacturing 
(human-centricity, sustainability, and resilience) and six enabling technologies (individ- 
ualized human-machine interaction, bio-inspired technologies, digital twins, artificial 
intelligence and technologies for energy efficiency) [8]. Dautaj & Rossi (2021) have 
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compared the Industry 5.0 with the Society 5.0 concept [6], similarly to Salimova et al. 
(2020) [9]. Therefore, the changes and improvement should happen on every level of 
the community. Nahavandi (2019) discussed Industry 5.0 as a human-centric solution 
where the productivity is being increased without removing human workers from the 
process. Importance and challenges of collaborative robots are mentioned with a conclu- 
sion that Industry 5.0 will generate even more human work opportunities [10]. Akundi 
et al. (2022) discussed the human coexistence with the robots as one of the important 
research priorities [11] while Lu et al. (2022) discuss wellbeing principles in workplace 
design and organization as one of the key components of Industry 5.0, following the 
“5C” map of human-machine relationship: “Coexistence, Cooperation and Collabora- 
tion to future Compassion and Coevolution” [12]. The similar approach have Kaasinen 
et al. (2022) who discuss the teamwork collaboration in human-machine relations [13]. 
That is why Longo et al. (2020) discuss the implementation of value-oriented and eth- 
ical technology engineering in Industry 5.0 environment [14]. Doyle-Kend & Kopacek 
(2021) discussed an adoption of collaborative robots in Industry 5.0 which say will play 
an important role at 5th industrial (r)evolution, while on the case study of Irish industry 
showed that there are signs of awareness of importance of their implementation and 
benefits for the manufacturing [15]. Dimitropoulous et al. (2021) presented a framework 
of a of an AI-based system for the modular manufacturing comprised of three modules. 
These modules enable capturing the operator and environment status and process status, 
identification of the tasks that are being executed by the operator using vision-based 
machine learning, and provision of customized operator support from the robot side for 
shared tasks [16]. This kind of system was developed because for mass customizaton 
concept demands which caused various bottlenecks in the system and so the usage of 
wearable devices enhanced with AI in support the interaction of human operators with 
robots in human-robot collaborative environments in a seamless and non-intrusive way 
[17]. 

Javaid et al. (2020) see the benefits of the Industry 5.0 in pandemic outbreaks, as 
an useful tool to help doctors and medical students to get needed training, but also with 
the remote monitoring systems in a healthcare [18]. The 5.0 principles can improve the 
hospitality sector where the interaction between the human and technology can improve 
the hygiene levels which are of highest importance today in the hospitality sector, claim 
Pillai et al. (2021) [19]. Javaid & Haleem (2020) concluded that the Industry 5.0 provides 
higher accuracy and speeds up manufacturing automation with help of critical thinking 
of human resources [20]. Majernik et al. (2022) studied the sustainable development 
from Industry 4.0 to 5.0. Significant progress in automation, robotization and digiti- 
zation which supports the economic growth which is in relationship with sustainable 
development and climate strategies is noticed, as one of the key goals of Industry 5.0 
[21]. Alvarez-Aros & Bernal-Torres (2021) claim that the technological competitiveness 
and emerging technology are key factors of the organizational strategy for the transition 
from 4.0 to 5.0. They mention engineering skills as one of the most important compe- 
tencies as well as the training and education with sustainable organizational approach 
[22]. Broo et al. (2022) also see high importance in skills and suggests the rethinking 
of the engineering education by four strategies: “lifelong learning and transdisciplinary 
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education (1), sustainability, resilience, and human-centric design modules (2), hands- 
on data fluency and management courses (3) and human-agent/machine/robot/computer 
interaction experiences (4)” [23]. Matsuda et al. (2019) claim that the introduction and 
penetration of 5G network will bring significant technological advancements while the 
changes also must happen not only on the technological, but also the organizational 
and managerial level so that the theoretical background of the new concept can be fully 
implemented [24]. Ozdemir & Hekim (2018) noticed the flaws of “extreme automation” 
which cause certain risks, where they see Industry 5.0 as a pathway to democratize 
knowledge and increase innovation and security level [25]. The innovation in the Indus- 
try 5.0 era and its importance was also discussed by Aslam et al. (2020) who see it as 
an important point for competitiveness on the market where, by digital standards, the 
special innovation management systems should be implemented within the companies 
[26]. Sharma et al. (2022) have shown a result of a research in German pharmaceutical 
manufacturing sector where the highest importance for the Industry 5.0 implementation 
was given to “linking virutal reality and reality” [27]. 


2.2 Key Enablers of Industry 5.0 


Based on previously presented theoretical overview of the Industry 5.0 concept in the 
relevant literature there are several key points which stand out and distinct the transition 
from the 4.0 to 5.0 and can be used as a key enablers for the Industry 5.0 implementation. 
Those can be designated in two groups - human-centered approach and environmental 
impact awareness. These two groups have one thing in common - the achievement 
of sustainable system. Each of the main component brings many advantages to the 
manufacturing system, but also generates certain barriers, which will be described in the 
following. 


Human Centered Approach. After the Industry 4.0 initiated complete digitization and 
automation of repetitive human work it created one of the greatest barriers in its imple- 
mentation. The truth is that the many professions could disappear because of the work 
automatization, but the need for the human resources remains as one of the most impor- 
tant components of the industry. That is why Industry 5.0 places human in the center 
of the system and understands human knowledge and skills as one of most treasurable 
resources and competitive advantages. The local governments have recognized the need 
of the new-skilled professionals from the digital technologies which is why the educa- 
tional system is also facing many changes. Today there are more examples of learning 
factories which are, usually, part of the academic institutions, but used not only for the 
education of the students, but also the education of working professionals which accept 
the concept of life-long learning and improvements. 


Flexibility and Modularity. Unexpected global crisis and supply chain interruptions 
also caused that the modularity and flexibility of the system has become one of the most 
important goals of manufacturing companies. Another trend which emphasizes the need 
for the flexibility is the customization of the product which leads to significant product 
variation with the little time for the production preparation and planning. This can be 
achieved on the software level by advanced systems (digital twin) which control and 
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adapt the hardware (machines, robots, etc.) which is often referred as self-optimization. 
One of the hardware solutions which enable flexibility are collaborative robots which 
are cost-effective, safe and flexible. 


Human Factors, Ergonomics, Well-Being and Ethical Technology. The special 
focus in Industry 5.0 is given to interaction between human and machine which can 
also partially be understood as sequel to use of collaborative robots. The ergonomics 
standards and measuring can be also implemented in the digital twin but also there is 
an increased need for use of specialized ergonomic software such as Siemens Jack, 
Ergo-Plus, VelocityEHS or SHERPA Software. Worker motivation is also one of the key 
components of Industry 5.0 which can be increased not only by ergonomic design of a 
workplace but also with implementation of wellbeing principles in the work environ- 
ment. The wellbeing principles can improve workers’ health and minimize the impact 
of stress-related psychosomatic diseases which lead to the absence of the workers from 
the workplace. With increased use of artificial intelligence, the certain ethical concerns 
have been raised. This includes the use and distribution of collected data, safety issues 
related to cybercriminal and safety of workers. The points for the trustworthy and ethical 
technology must not only be discussed and implemented on the industrial level, but also 
on the higher level of legislative bodies. 


Innovation Management. Innovation is one of the leading advantages of every com- 
pany which increases the market competitiveness. The need for the system flexibility 
and adjustment to the demands needs of the market has set the innovation management 
as one of the most important organizational key points of the Industry 5.0 concept. This 
includes special management of the organization’s innovation procedure in which human 
workers from each organizational level must be included in. The set of tools which allow 
workers to better understand the processes and internal goals can be extended part of 
research & development department, all in hand to reduce production costs, increase 
product quality and shorten time-to-market. 


Green and Sustainable Manufacturing. With the increase of climate preservation and 
reduction of the general pollution, green technologies have become a one of the most 
important in every aspect of human life, as well as the industry. The use of sustainable 
energy sources and increase of energy efficiency is another point to be achieved with 
Industry 5.0 and the use of advanced technology enables the adequate transition towards 
green standards and its optimization in exploitation phase. This is also closely related to 
the circular economy concept which encourages the material and product recycling and 
reuse to reduce the waste, maximize the usability and minimize the malicious environ- 
mental impact. This is all needed to achieve sustainable system in the end which won’t be 
subject to unexpected market changes or disruptions and to enable the implementation 
human-centered flexible system. 


3 Conclusion 


Industry 5.0 is a natural development and advancement of previously presented digital 
manufacturing concept Industry 4.0. The human-centered approach enables the avoid- 
ance of human job loss because of the intensive digitalization, while use of artificial 
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intelligence enables the flexible and modular manufacturing by rising trend of personal- 
ized products and dynamic and unstable market demands. Industry 5.0 is environmentally 
aware, the increase of energy efficiency and use of renewable energy sources leads to pos- 
itive impact to global demands for manufacturing industry. Industry 4.0 has demanded 
drastic digital transformation of very high investment and unclear future benefits; there- 
fore, its implementation hasn’t always been provided at fullest. Today, with the raised 
awareness of digital technologies and unexpected global events which has caused the 
disruptions of supply chains, but also the impacts of climate change, the human is more 
determined to start the digital transformation, while being sure that they are one of most 
important resources in the value chain. 

For the future work, based on the specific Industry 5.0 characteristics previously 
mentioned, the adequate decision support method for the readiness calculation could 
be chosen and the model developed. This would enable the definition of transforma- 
tional strategic plan for the optimal digital technology implementation and organizational 
changes. 
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Abstract. In today’s global business context, data has played a critical role in 
ensuring accurate and appropriate decision making in manufacturing organisa- 
tions. Despite the huge pool of information (i.e. data) generated by consumers, 
repair or maintenance shops, manufacturing job shop, scientific society on various 
products, which could be deployed by manufacturers in eliciting vital information 
towards achieving sustainable product design and development, only few manu- 
facturers are making use of this data to generate wisdom required for sustainable 
manufacturing. This act is caused by lack of appropriate systems capable of inte- 
grating the available data and make wise inferences that will result in a competitive 
advantage of a specific organisation over its competitors. In light of this, the aim 
of this study is to establish a suitable data analytic platform that could be used to 
sort, classify and integrate data required to generate wisdom vital for sustainable 
manufacturing. In order to achieve this, Analytical Hierarchy Process (AHP) was 
deployed to appraise various alternative data analytical platforms such as Python, 
Apache Spark, Qlik View, Power BI, Tableau, KNIME, Excel, Talend, Rapid Miner 
and Statistical Analysis System (SAS) using various criteria such as Data Format, 
Availability, Interface, Programming Intensity, Data Science Knowledge Inten- 
sity and Capabilities. The result of this decision analysis and selection exercise, 
revealed that KNIME data analytic platform, with the most important decision 
criterion; data science knowledge intensity, and a cumulative assessment score 
of 80.80 is the appropriate data analytic platform that manufacturers should use 
to generate a knowledge advisor vital for sustainable manufacturing and product 
development. 


Keywords: Wisdom Manufacturing - Data Analytics - Analytical Hierarchy 
Process - Decision Analysis 


1 Introduction 


Manufacturing systems have gone through abrupt changes given the dynamic nature of 
the environment in which they operate. Customer and system user demands, technolog- 
ical advancements, environmental demands, competition, globalisation and the ability 
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to de-globalise are some of the factors driving this fast change (Gola and Swié 2012). 
Yao et al. (2019), stated that personalisation and innovation are today’s major metrics 
to evaluate manufacturing systems and has become the key transformation driver of the 
21st century. The ability to have the voice of all stakeholders throughout the process of 
innovation, product development and manufacturing is one key competitive advantage 
an organisation can have in today’s business environment. Currently existing manufac- 
turing systems have limitations in fully meeting this demand through optimal integration 
of all stakeholder voices in their service or product offering (Yao et al. 2015). Abramovici 
(2007) stated that only one out of seven products ideas succeed in the market. This high 
failure is caused mainly due to lack of customer orientation. 

With the social media platforms, there is a room to obtain nearly real-time sentiments 
from the people within the communities (i.e. the customers) on the products they use. 
Furthermore, with the advent of Industry 4.0 (Xiong et al. 2017), there is opportunity to 
deploy embedded sensors to source real-time information on the product health status as 
well deploy the use of designed database system to elicit information about the product 
repair records which constitute another stream of product data. Therefore, opportunity 
exist to integrate these various stream of data, and conduct adequate data analytics on 
them, towards unveiling wise design idea decisions that would ensure sustainable product 
design and development. 

Wisdom manufacturing can be achieved via the use of Cyber Physical Social System 
(Yin et al. 2020). According to (Zeng et al. 2016), Cyber Physical Social System (CPSS) 
are complex systems that satisfy the limitations of the Cyber Physical Systems (CPS) 
and Cyber Social System (CSS) in order to meet people’s social interactions demands 
and react to the physical world. CPSSs have been deployed for various applications such 
as military command and control operations (Liu et al. 2011), smart transport systems 
(Xiong et al. 2015), smart home (Smirnov et al. 2015), smart medical services (Sheth 
et al. 2013) and smart cities (Costanzo et al. 2016). 

The realisation of WM is the state-of-art manufacturing system that has both the 
ability to incorporate the social interaction in the process of manufacturing and the 
product life cycle as well as physical data collected from the product and/or the imme- 
diate and broader production environment. Hence, mining relevant data from operators’ 
social interactions, millions of consumer social media posts, product, equipment and 
experts publications is a cumbersome task that can only be accomplished through the 
use of suitable and well-designed algorithms (Abrahams et al. 2012). Social data such as 
customers, experts, enterprises and other stakeholder’s interaction in the various social 
media platform, can be collected using social sensors (Ding and Jiang 2016). Physi- 
cal data such as the health status of a product (Bogue 2014), human-related informa- 
tion (Taraldsen et al. 2012) as well as surrounding environment status such as weather 
condition (Hernandez-del-Olmo et al. 2019) can be gathered by use of physical sensors. 

Natural text analytics extracted from the data collected from various streams of data 
is pivotal for the implementation of the CPSS concept. Abrahams et al. (2013), discussed 
text mining tools for categorizing and obtaining product intelligence from user-generated 
contents in social media. Various data analytic platforms such as Microsoft Excel 
(Neyeloff et al. 2012), R and Phython (Louridas and Ebert 2013), Tableau and Power BI 
(Negrut 2014) and Konstanz Information Miner (KNIME) platform (Minanovic et al. 
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2014) have been deployed in the literature for natural text analytics. However, selection 
of an appropriate data analytic platform based on the strength and weaknesses of these 
platforms towards ensuring accurate and sound natural text analytics is a salient issue 
that need to be discussed. In light of this, this study intend to investigate and ascertain 
a suitable data analytic platform that could be used to integrate various streams of data 
towards extracting suitable decisions that will promote wisdom manufacturing in vari- 
ous organisations. The structure of the paper are as follows. The second section present 
the methodology used in this study. The third section present and discuss the results 
obtained from this study while the last section draw conclusion based on the results 
obtained from the study and thereafter unveil the future research work. 


2 Methodology 


Two decision techniques, namely, the Analytical Hierarchy Process (AHP) and the 
Weighted Decision Matrix (WDM) were used to ascertain the suitable data analytic 
platform that could be used to develop a wisdom manufacturing system. The ten (10) 
data analytic platform alternatives considered in this study for developing wisdom man- 
ufacturing system are Apache Spark (DAP I), KNIME (DAP J), Power BI (DAP K), 
Python (DAP L), Qlik View (DAP M), Tableau (DAP N), Microsoft Excel (DAP O), 
Talend (DAP P), Rapid Miner (DAP Q), and Statistical Analysis System (DAP R). 
The various criteria used to evaluate the capability of the aforementioned data analytic 
platforms for developing wisdom manufacturing are discussed as follows: 


1) Data Science Knowledge Intensity (DSKI): This criterion served to classify the data 
science knowledge required for the user to work with the tool. The classification 
ranged from low to high. Given that current tools are being developed so that it 
is simpler for an average data scientist to use, the lower the expertise knowledge 
required to use a machine learning tool, the more the tool is desirable by users. 

2) Programming Intensity (PI): This criterion was used to classify the level of pro- 
gramming skills required to use the software. The classification followed a similar 
approach as that of DSKI level described above. The less programming expertise 
required, the more desirable is the tool. 

3) Interface (I): This criterion describes the type of interface used in operating the tool. 
The desired tool should have a much user friendly interface, so that it is easy to use. 

4) Capabilities (C): this criterion describes major functions provided by the tool con- 
cerning data analysis, visualization and machine learning as well as capabilities to 
integrate with other platforms. The more the capabilities offered by the specific tool, 
the more desirable the tool is for the study. 

5) Data Format (DF): this criterion describes the data types which are supported by 
the tool to conduct the analysis or machine learning operation. Given that there is 
a need to conduct the analysis on csv, excel, pdf and data in any other format, the 
more formats the tool can accommodate the better for the user of the tool. 

6) Availability (A): not all analytic tools are easily available; they range from free of 
charge to high cost licences. Some of the tools have limited versions available for 
free and the capabilities increase based on the licence acquired. For the purpose 
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of this study, despite all the above criteria, cost of the tool acquisition was highly 
considered. Freely accessible versions were highly desirable if not compromising 
the required capabilities needed to conduct the big data analytic exercise. 


In the context of this study, the Analytical Hierarchy Process (AHP) was deployed 
to ascertain the priority weight score of each criterion considered in this study while the 
WDM was used to ascertain the performance of each alternative data analytic platform 
considered in this study using the priority weight score of each criterion considered 
in this study and the rating score of each alternative data analytic platform under each 
criterion. The procedures used to carry out the AHP and WDM decision analysis are 
highlighted in the subsequent sections. 


2.1 Analytical Hierarchy Process 


The pairwise comparison of each criterion against one another was conducted by the 
authors using the fundamental scale of pairwise comparison and random consistency 
analysis formulated by Saaty (2008). After this criteria comparative analysis, the most 
important criterion to satisfy the design requirements of the suitable data analytic plat- 
form for wisdom manufacturing system is the criterion with the highest priority weight 
score while the criterion with the lowest priority weight score is the least important 
criterion. 


2.2 Weighted Decision Matrix 


The rating score for each data analytic platform that could be used for wisdom manu- 
facturing system was rated using a three level scale. The three level scale for criterion; 
DF are tagged as less than or equal to 5, 6 to 10 and 11 or more. The three level scale 
for criteria; A and J are tagged as Easy, Moderate and Difficult/Complex while the three 
level scales for criteria; PE, DSE and C are tagged as Low, Moderate and High. The level 
scales for criteria; DF and C are awarded a grade score of 10, 50 and 100 respectively. 
The level scales for criteria; A, J, PE and DSE are awarded a grade score within a range 
of 100, 50, and 10 respectively. If PW,, PWp, PWc, PWa, PWe and PW, represent the 
priority weight score of each criterion obtained from the AHP analysis, and Ra, Rp, 
Re, Ra, Re and Ry represent the grade score for each of the criterion used to appraise 
each data analytic platform, then the cumulative performance grade score for each data 
analytic platform that could be used for a wisdom manufacturing system is calculated 
using Eq. (1). 


PGS, = > _(PWi x Ri) (1) 


where PGS, represent the performance grade score for each alternative data analytic 
platform n considered in this study, and n = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10. 

Therefore, the data analytic platform with highest cumulative performance grade 
score is the suitable data analytic platform that could be used for a wisdom manufacturing 
system. 
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3 Results and Discussion 


3.1 Results of Analytical Hierarchy Process Assessment 


The pairwise comparison matrix (C) of the assessed criteria is presented in Eq. 2. 


Criteria DF A I PIDSKI C 
DF 1 4 33 Vy 3 


A 1441 3 3 Vy Ys 
C=] 1 3'31 2 14! (2) 
PE Ys Y%3Mo1 Ya Ys 
4 


DSKI 2 4 4 1 
c 433 33 l} 1 


The normalised comparison matrix, N , obtained by dividing each element in each column 
of Eq. 2 by each column summation value is depicted in Eq. 3. 


Criteria DF A I PE DSKI C 
DF 0.235 0.316 0.207 0.188 0.182 0.429 
A 0.059 0.079 0.207 0.188 0.091 0.048 
N= I 0.078 0.026 0.069 0.125 0.091 0.048 (3) 
PI 0.078 0.026 0.034 0.063 0.091 0.048 
DSKI 0.471 0.276 0.250 0.354 0.364 0.286 
C 0.078 0.237 0.207 0.188 0.182 0.143 


After obtaining the normalized values, the criteria weight (CW) was calculated by obtain- 
ing the average value of each row of equation to represent the weight of the respective 
row criteria. The resultant matrix of the computation is presented in Eq. 4. 


0.259 
0.112 
0.073 (4) 
0.057 
0.327 
0.172 


CW = 


Based on the criteria weight matrix presented in Eq. (4), it could be inferred that the 
weight scores for each criterion are 0.259, 0.112, 0.073, 0.057, 0.327 and 0.172 respec- 
tively. In light of this, the criterion; “data science knowledge intensity” is the most 
important criterion, since it has the highest pairwise criterion weight score. 

The result of the Consistency Ratio (CR) computed to confirm the authenticity of the 
pairwise criterion assessment exercise done in this study was valued at 0.076. Since this 
result is less than 0.1 as asserted in study of Saaty (2008), therefore, it can be concluded 
that the pairwise comparison analysis carried out were consistent and not biased. 


3.2 Results of Weighted Decision Matrix Assessment 


The result of the WDM assessment tailored towards ascertaining a suitable data ana- 
lytic platform for wisdom manufacturing system using the priority weight scores of the 
decision criteria obtained from the AHP analysis is depicted in Tables 1 and 2. 
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Table 1. WDM Results of the Data Analytic Platform Alternatives Evaluation 


Criteria 
> a a a a a 

a ~ a ran a x a 4 a = 

on u on aH of wa on w eD A 

= = = = = 

E = E = E = c= = E = 

[e4 [e4 [e4 [e4 [e4 
DF (a) 25.9% 50 12.95 100 25.90 50 12.95 100 25.90 100 25.90 
A (b) 11.2% 50 5.60 100 11.20 10 1.12 100 11.20 50 5.60 
I(c) 7.3% 100 7.30 100 7.30 100 7.30 10 0.73 100 7.30 
PE (d) 5.7% 50 2.85 50 2.85 50 2.85 10 0.57 50 2.85 
DSE (e) 32.7% 50 16.35 50 16.35 50 16.35 10 3.27 50 16.35 
c(h 17.2% 50 8.60 100 17.20 50 8.60 100 17.20 50 8.60 
Total 53.65 80.80 49.17 58.87 66.60 
Rank 4 1 6 3 2 


Table 2. Continuation of the WDM Results of the Data Analytic Platform Alternatives Evaluation 


Criteria | W; DAPN DAP O DAP P DAPQ DAPR 

Ratings |WSy | Ratings |WSo Ratings | WSp | Ratings | WSg | Ratings | WSR 
DF (a) | 25.9% | 50 12.95 | 10 2.59 | 50 12.95 | 50 12.95 | 50 12.95 
A (b) 11.2% | 50 5.60 | 100 11.20 | 50 5.60 | 50 5.60 | 10 1.12 
I(c) 7.3% | 50 3.85 | 50 3.65 | 100 7.30 | 100 7.30 | 50 3.65 
PE (d) 5.7% | 50 2.85 | 50 2.85 | 50 2.85 | 50 2.85 | 50 3.42 
DSE (e) | 32.7% | 50 16.35 | 50 16.35 | 50 16.35 | 50 16.35 | 50 16.35 
C(f) 17.2% | 50 8.60 | 50 8.60 | 50 8.60 | 50 8.60 | 50 8.60 
Total 50.02 45.24 53.65 53.65 46.09 
Rank 5 8 4 + 7 


Based on Tables | and 2, it could be deduced that the cumulative assessment scores 
of the data analytic platform alternatives I, J, K, L, M, N, O, P, Q and R are 53.65, 80.80, 
49.17, 58.87, 66.60, 50.02, 45.24, 53.65, 53.65 and 46.09 respectively. In light of this, 
Data Analytic Platform J (i.e. KNIME) is the most suitable data analytic platform for 
WMS since it has the highest cumulative assessment score. This platform combines an 
easy to use flow interface and different scripting capabilities for personalised algorithms; 
it supports a variety of files formats and is able to perform all required operations in the 
WMS framework with minimum programming requirements. Furthermore, it is an open 
source platform. 
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4 Conclusion 


Wisdom Manufacturing is a futuristic user-centred and data driven manufacturing 
paradigm which encompasses the inclusion of all product stakeholders throughout the 
product lifecycle to derive wisdom for product manufacturing and improvement. In light 
of this, ten (10) data analytic platform alternatives that could be used to achieve Wis- 
dom Manufacturing were evaluated using AHP and WDM decision techniques, in order 
to ascertain the suitable platform. The criterion, DSE with a priority weight of 32.7%, 
amidst other criteria such as DF, A, I, PE and C, was considered the most important 
criterion that should be considered for selecting a suitable data analytic platform for 
WM. The data analytic platform alternatives performance assessment using the afore- 
mentioned criteria unveiled that KNIME is the suitable data analytic platform that should 
be used in manufacturing organisations to achieve WM. This article provide a decision 
assessment framework for production managers in manufacturing organisations to make 
the right decision when selecting data analytic platform to achieve WM. Simulation of 
the WMS framework using the KNIME data analytic platform should be explored in 
future studies. 
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Abstract. Fighting counterfeit drugs in pharma logistics networks, is one of the 
most important challenges in the industry. In order to contribute to the UN Sus- 
tainable Development Goal of “global health and well-being” the integration of 
counterfeit substances and drugs has to be stopped but is still causing significant 
human and economic damage. Although the problem is known for decades no 
approach is known that eradicates the problem. Blockchain technology is pro- 
moted as a potential solution to counterfeit drugs since it combines the properties 
of tamper-proof data storage and secure information transfer but its’ applica- 
tion in the pharma industry is still lacking behind the theoretical potential. This 
study seeks to assess the applicability of blockchain technology to tackle drug 
counterfeiting in pharma networks and to develop an implementation framework 
that outlines industry-specific implementation barriers and mitigation measures as 
well as their interdependencies. Building on nine interviews with industry experts, 
Grounded Theory was applied. Accordingly, the interview results were condensed 
into a theory by applying a three-stage coding process. Building on this analysis, 
an implementation framework for blockchain technology to tackle drug counter- 
feiting in the pharma industry is developed. The framework explains the enablers, 
barriers, and implementation strategies as well as the relation between them. It is 
shown that blockchain implementation is not hindered by a lack of technological 
maturity, but mostly by opposing incentive mechanisms of stakeholders involved. 


Keywords: Pharmaceutical supply chain - distributed ledger networks - 
blockchain - drug counterfeit - transparency 


1 Introduction 


Trust in the integrity of pharmaceutical products is one of the cornerstones of sustainable 
international pharma networks [1]. This trust is increasingly threatened by counterfeit 
medicine, which causes significant economic and human damage worldwide making it 
very difficult to achieve the UN Sustainable Development Goal 3 (“Ensure healthy lives 
and promote well-being for all at all ages”) [2]. The main reason for the occurrence 
of non-legitimate medicine is the complexity of heavily fragmented pharma networks. 
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Throughout all value-adding processes, numerous transfer points between various actors 
in the logistics network exist with different informational interfaces leading to highly 
fragmented and inconsistent data flows [3]. This reduces transparency and trust and 
significantly complicates authenticity checks throughout the logistics network [4, 5]. 
Although this problem is known for decades, the need for a technology that addresses 
compatibility and credibility issues while allowing the alignment with legal requirements 
is still imminent. 

Since blockchain combines the properties of tamper-proof data storage and secure 
information transfer, its deployment as a traceability solution in logistics networks is dis- 
cussed in several fields [6]. Also, in the pharma industry several ideas emerge that promise 
a high potential for the industry. However, there is a variety of conditions that should be 
met to ensure that the technological benefits outweigh the techno-logical shortcomings 
[7]. In general, blockchain allows meeting all legal requirements that are mandatory for 
pharmaceutical traceability solutions [8]. As a result, the technology seems to be the ideal 
foundation for automating transactions and increase operational efficiency [9]. Despite 
all those theoretical benefits, adoption in pharma logistics networks is slow and only 
few blockchain solutions in the pharma logistics network exceed a prototypical imple- 
mentation [9]. The vast amount of blockchain research focuses on the identification and 
analysis of blockchain use cases, but research regarding the transfer from science to 
practice is scarce. In this regard, most blockchain literature is not industry-specific and 
therefore doesn’t apply the proprietary mechanics and limitations of the pharmaceutical 
industry to their respective models. Furthermore, the specific challenges of the pharma 
logistics network and respective mitigation strategies remain unclear [10]. To contribute 
to this under-investigated area and to support future managers in the pharma industry, 
this study seeks to develop an implementation framework that outlines industry-specific 
implementation barriers, mitigation measures and enablers of blockchain implementa- 
tions to tackle drug counterfeiting in pharma logistics networks. More specifically we 
aim at investigating the following research question: What are the most relevant enablers 
and barriers as well as implementation strategies for adopting blockchain in the pharma 
logistics network and how do they interconnect and interdepend? 

To contribute to the RQs, the study analyses nine interviews with experts from the 
industry applying Grounded Theory (GT) methodology. 


2 Theoretical Background: The Pharma Logistics Network 
and the Problem of Counterfeit Drugs 


The term counterfeit medicines commonly refers to drugs in which ingredients are either 
not contained at all, not in the specified concentration, or in which components have 
been replaced by harmful substances [8]. Criminals usually focus on counterfeiting the 
most lucrative medications, which often have the most severe health effects on patients. 
These include painkillers, antibiotics, contraceptives as well as medicines for cancer 
and cardiovascular diseases [11]. The pharma logistics network is highly complex and 
is composed of several actors. A simplified version of those actors involved is shown in 
Fig. 1. 


632 B. Nitsche et al. 


Supplier Manufacturer Wholesaler / Pharmacy Patient 
Distributor or Hospital 
(Primary) 


ye lka Omal 


Š 
E m 


Repackager Wholesaler / 
Distributor 
(Secondary) 


Fig. 1. Pharmaceutical logistics networks 


Contrary to this simplified illustration, the pharmaceutical industry comprises many 
multinational stakeholders involved in the processes. Concerning the in-sourcing of 
counterfeit medicines, several points in the logistics network are vulnerable to corruption. 
There is the risk that suppliers do not deliver the right ingredients. Those can be outdated, 
altered, or not contained in the right concentration [4]. Also, a completely different raw 
material may be supplied, which will not only fail to induce the desired pharmaceutical 
effect but may even cause harm to the patient [12]. The majority of counterfeit medicines 
enter the logistics network at the manufacturer’s level. The wrong ingredients may be 
used or the right ingredients in the wrong concentration. Also, there is a risk during the 
packaging processes, as a counterfeit might be packaged with legitimate cartonnage, 
making it almost indistinguishable from authentic medicine [12]. 

Also, risks occur at the interface between manufacturers and wholesalers/distributors. 
While primary wholesalers indeed source their products from manufacturers, this is not 
necessarily the case with secondary wholesalers. In reality, a company’s position as a 
secondary or primary wholesaler is not immediately apparent. For example, a whole- 
saler may purchase a type of drug from one manufacturer and at the same time from a 
secondary wholesaler if market demand exceeds the manufacturer’s production capacity. 
This transfer of drugs between different distributors is not uncommon in the pharmaceu- 
tical industry. Often, products are repackaged at each handling before being forwarded 
to the next company. This recursive and non-transparent transport of goods creates a 
very high degree of opacity regarding the provenance of medications [5]. 

At the wholesale level, counterfeit drugs may be mixed with legitimate products. 
This process is called sating and can happen without the malicious intent of a wholesaler. 
Sating occurs, for example, when a primary wholesaler purchases drugs from a secondary 
wholesaler who has unwittingly purchased counterfeit drugs. Subsequently, counterfeit 
drugs may receive authenticity labels during repackaging at the primary wholesaler 
and are identified as legitimate in subsequent tracking processes. Repackaging at the 
wholesaler’s level poses additional risks. Since manufacturers often sell their drugs in 
fraud-protected packaging, repackaging may remove authenticity features [5]. Finally, 
illegal drugs are often insourced at the pharmacy level. In particular online pharmacies 
represent a compelling opportunity to acquire medicines at low cost. At the same time, 
they are one of the most significant sources of counterfeit medicine in-sourcing [1]. 
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3 Methodology 


GT was chosen as a suitable methodology as it allows to understand the process behind 
a research object and to explore creative perspectives and insights regarding human 
interactions and business practices. In this regard, GT facilitates the development of 
theoretical models grounded in empirical data and their systematic analysis. Particularly 
in the research discipline of logistics and supply chain management, and even more so 
in the identification of critical success factors, GT has been widely accepted as a valid 
research methodology. Knowledge about blockchain and pharma logistics networks was 
gained and used during data collection, data analysis and theory generation. Within the 
GT methodology, both qualitative and quantitative data sources can be used to build 
theory. Data can be collected through focus groups, questionnaires, surveys, transcripts, 
letters, government reports, documents, grey literature, music, artifacts, videos, blogs 
and memos [13]. Especially interviews are a well-recognized method for data collection 
[14]. 


Table 1. Overview of interview partners 


ID-No. Industry Function Job description YoE 
M1 Drug manufacturer Senior VP Strategic Projects 39 
M2 Drug manufacturer Head of Regional SCM EMEA 15 
Wil Wholesale association Deputy Director General & Legal Advisor | 17 
W2 Wholesaler Head of Corporate Infrastructure 9 
P1 Hospital Pharmacy SAP-EDV Coordinator 16 
RC1 Blockchain research Finished Goods Traceability Expert/IT 20 
consortium/Manufacturer Digital Lead Product Supply SCM 
RC2 Blockchain research Finished Goods Traceability 20 
consortium/Manufacturer Expert/Global Project Manager Supply 
Chain 
RC3 Blockchain research Industry Project Leader/Head of Supply | 24 
consortium/Manufacturer Chain IT 
RC4 Blockchain solution CEO 15 
provider 


In total 9 interviews were successfully conducted with an average of 50 min of 
interview length. In total, 413 min of interview recordings were analyzed. This resulted 
in the transcription of 64,513 words, which led to an overall transcript of 137 pages in 
length. In Table 1, the 9 experts are described in more detail in terms of their industry 
function, job position and years of experience (YoE) in the industry. 

Based on the transcripts of the interviews, a data structure consisting of first-order 
concepts, second-order categories and higher-level aggregate dimensions was derived. 
A complete overview of the structure can be given upon request. In detail, the open- 
coding process examined 512 quotations from the transcripts of the interviews. These 
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quotations were condensed into 251 initial concepts based on overlaps in meaning. Then, 
the 251 open-coding concepts were abstracted to 69 second-order categories during axial 
coding. To improve the accessibility of results, the 69 second-order categories were 
aggregated into 36 second-order category clusters which present an aggregated form of 
the second-order categories. Despite this being a deviation from the usual data structure of 
grounded theory models, this approach allowed for better understandability of the models 
without sacrificing explanatory value. A final increase in abstraction was achieved by 
identifying 10 aggregated dimensions from which all second-order categories and first- 
order concepts can be derived. The coding results were then assigned to key areas of 
enablers, barriers and implementation strategies. 


4 Results 


Figure 2 summarizes the findings of the grounded theory model. The left side com- 
prises the identified implementation enablers, which positively affect the implementa- 
tion strategies via the dashed lines. The right side visualizes the implementation barriers, 
whose constraining effects on the implementation strategies are represented by dotted 
arrows. In the middle of the model, the three aggregate strategy dimensions are dis- 
played along with their second-order category clusters. The solid arrows illustrate the 
causal relationships between the individual elements. As for many GT models, a com- 
plex understanding of the mechanisms in the respective research field emerges. For this 
model, this leads to the fact that all the information gained about the process can hardly 
be presented in the context of a brief conference paper. Therefore, the core findings are 
presented here instead of discussing all dimensions in detail. However, upon request, all 
information can be provided in more detail. 

Looking into the barriers it can be seen that the pharma industry is very slow in 
adopting new technologies which is also because the industry is very reactive to legisla- 
tive requirements. At the European level, the DataMatrix-code increased the security 
against counterfeit medicines to such an extent that illegal drugs hardly matter any-more 
and the incentive to purchase illegal medicines diminished substantially over recent 
years. Moreover, initiating a blockchain solution would require several technological 
standards that are hard to introduce in a very fragmented pharma industry with many 
stakeholders having different target systems and fearing competitive disadvantage. The 
non-willingness to share certain information can also be observed in the pharma industry 
since information asymmetries are often beneficial for some parties in the chain. Whole- 
salers risk negative consequences from full information transparency. On the one hand, 
wholesalers are concerned that manufacturers could exploit data transparency to control 
the flow of products through the logistics network, reducing the wholesalers’ scope for 
action. On the other hand, wholesalers source their products from different countries to 
leverage price advantages, thereby decreasing product costs and easing the burden on 
the healthcare system. Even though this form of parallel importation is legal and allows 
patients to purchase safe and high-quality pharmaceuticals at attractive prices, tracking 
efforts are enormous. Parallel imports pass through complex logistics networks and cross 
multiple jurisdictions before being dispensed. 

There are several strategies to cope with a plethora of barriers. However, stake- 
holders’ incentivization and collaboration emerged as the central strategy that opposes a 
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Fig. 2. Implementation framework for blockchain-based traceability to tackle drug-counterfeiting 


huge challenge for successful blockchain implementation. Accordingly, most blockchain 
implementation projects do not fail due to the technology’s immaturity but because of the 
unwillingness of the required partners. Hence, a holistic approach that provides smooth 
implementation processes in a resource-saving manner is needed. On the one hand, an 
incentive environment for using the technology has to be created. On the other hand, 
blockchain developers should regard streamlined adaptation processes and cost-efficient 
operation from the beginning. Since most pharmaceutical enterprises act largely indepen- 
dent and profit-oriented, heavy investments need to be justified by beneficial returns of 
investment. Patient safety, however, is difficult to quantify and therefore hard to measure 
as a KPI. Thus, the assessment of monetary value propositions becomes more important. 
Especially in the EU, where supply chains are very secure, improving anti-counterfeiting 
doesn’t suffice as a sole motivator for large implementation projects. This insight might 
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be the biggest contradiction to researchers’ opinions, who suggest anti-counterfeiting as 
the primary use case for global blockchain implementation. The justification of financial 
expenditures is even more challenging for those stakeholders that have to invest the most 
but benefit the least from new solutions. In the pharma logistics network, this applies 
in particular to wholesalers. They already contain high visibility over the information 
flows with the existing end-to-end solution. Moreover, wholesalers need to introduce 
individual mass scanning for all products to allow full data transparency in the EU. This, 
however, is heavily disincentivized due to competitive pressure and low-profit margins. 
Consequently, the likelihood of success for the deployment of blockchain is relatively 
independent on technological advancements. Instead, incentive mechanisms are needed 
to justify the adaptation for each stakeholder individually. 


5 Limitations and Final Remarks 


Although this study provides interesting insights that expand the current state of sci- 
ence, its limitations must also be mentioned. The number of interviews conducted is 
still low considering the variety of stakeholders in the process. However, most impor- 
tant stakeholders have been covered and all interview participants had expertise about 
issues along the entire logistics network, leading to a low probability of bias in the data. 
Furthermore, interviewees came from the field of logistics and supply chain and com- 
prised high blockchain expertise, but with limited experience in concrete technological 
configuration and implementation as software developers. Still, it is very unlikely that 
the main insights of this thesis become invalid. 

This study addresses the research gap of analyzing blockchain implementation given 
a specific use case. As a result, the pharma industry’s dynamics and strategies were sys- 
tematized and related. However, the derived implementation framework does not provide 
an action guide to select interrelated work packages for project management purposes. 
Instead, future research is needed in applying and developing the created framework 
within the pharma industry. This will require intensified networking between developers 
and management as well as the analyses of industry-specific incentive systems. Further- 
more, in-depth assessments of stakeholders’ requirements need to be executed to support 
developers in designing a fitting, compliant and streamlined blockchain platform. With 
these efforts being made, blockchain may grow beyond technical feasibility studies and 
find its way into the commercial use of various industries. 
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Abstract. The productivity of a manufacturing organisation is limited by myr- 
iads of process wastes generated in this organisation. In light of this, the aim 
of this study is to prioritise various process wastes generated in a manufactur- 
ing organisation. In order to achieve this, on the one hand, a Hybrid Structural 
Interaction Matrix (HSIM), which is premised on the theory of subordination via 
systems thinking was deployed to carry out the process wastes pairwise rank- 
ing and weighting analysis. On the other hand, the Pareto Chart, was thereafter 
deployed to ascertain the vital few process wastes contributing to productivity 
loss experienced in a manufacturing organisation. A case study of the process 
wastes generated in an Electronic-Product Manufacturing organisation was used 
to validate the process wastes prioritisation model developed in this study. The 
result of the HSIM prioritisation analysis revealed that the intensity rating scores 
of the process wastes; overproduction, excess inventory, defect, motion, trans- 
port, waiting and over-processing limiting the productivity of an organisation are 
7.53, 4.59, 6.06, 1.65, 3.12, 0.18 and 9 respectively. The result of the valida- 
tion exercise revealed that transport, excess inventory and defects are the core 
process wastes that limit the productivity of an Electronic-Product Manufacturing 
organisation considered in this study. With this approach, operations managers of a 
manufacturing organisation would obviously reduce errors in the rating of process 
wastes, which is vital towards achieving continuous productivity improvement and 
sustainable manufacturing. 


Keywords: Process Wastes - Hybrid Structural Interaction Matrix - Pareto 
Chart - Productivity 


1 Introduction 


Manufacturing organisations are tasked with the responsibility of developing suitable 
production strategies capable of improving their productivity in order to increase their 
competitiveness. In order to achieve this, innovative manufacturing paradigms such as 
lean manufacturing (Gupta and Jain 2013; Bhamu and Sangwan 2014), agile manu- 
facturing (Kumar et al. 2019), reconfigurable manufacturing (Goyal et al. 2013; Koren 
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et al. 2017), and wisdom manufacturing (Barman 2022) have evolved over the years. 
Hence, on the one hand, manufacturing organisations have tailored their efforts towards 
producing high quality products that are required by the customers on or before the 
due date as well as putting at the centre “the voice of the customers” as a major driver 
towards developing sustainable products required by the customers (Yang et al. 2019). 
On the other hand, manufacturing organisations have also identified the need to contin- 
uously improve the production methods deployed in their organisations, with strategic 
objectives of exponentially improving value-added activities carried out within their pro- 
duction processes as well as eliminating or reducing to the bare minimum the non-value 
added activities (i.e. process wastes) present within their manufacturing systems. 

The study of Hill (2018) viewed process wastes as activities that add more time and 
cost to the production activities carried out in an organisation without concrete value 
generated from these activities towards meeting customers’ products demand. Therefore, 
systematic elimination/minimisation of process wastes by means of innovative lean and 
JIT production strategies are critical towards achieving high productivity gains required 
to foster sustainable manufacturing in various organisations. According to Wahab et al. 
(2013), the seven categories of process wastes that needs to be eliminated in a manu- 
facturing organisation are over-processing, overproduction, motion, waiting, defect and 
transportation. Identification of the sources of the process wastes generated in an organ- 
isation is critical towards eliminating them. In light of this, the study of Mostafa et al. 
(2013) identified the use of traditional value stream mapping and dynamic value stream 
mapping as the techniques that could be used to pinpoint various process wastes present 
in a manufacturing organisation. In their study, they also revealed that exercise such as 
establishment of the root causes of process wastes, prioritisation of the various categories 
of process wastes and selection of appropriate process waste elimination tools, need to 
be executed after the process waste identification activity, with a view to systematically 
eradicate the process wastes present in a manufacturing organisation. A lot of literature in 
the process of prioritising process waste have focused on carrying out this exercise based 
on frequency of process wastes generated, cost associated with each process waste, ease 
of detection of each process waste, and ease of removal of the process wastes, and impact 
of removal of process wastes (Sutrisno et al. 2018, Manninen et al. 2014). To the best of 
the authors’ knowledge, no literature has focused on prioritising process wastes based 
on the influence of each process waste on one another in a manufacturing organisation, 
tailored towards ascertaining the intensity rating of each process waste from a systems 
thinking perspective. 

The study of Ayomoh and Oke (2006) proposed a HSIM methodology that could 
be used to prioritise factors by means of carrying out factors subordination pairwise 
analysis, which could thus unveil the hierarchy level of each factor, thereby unveiling 
the intensity rating of each factor. In light of the lesson learnt from this study, this study 
intend to deploy the HSIM prioritisation methodology, with a view to ascertain the 
vital few process wastes experienced in an electronic product manufacturing organisa- 
tion. The structure of this paper is highlighted as follows. Section 2 present the HSIM 
methodology deployed in this study for process waste prioritisation. Section 3 present 
and discuss the process wastes prioritisation results for an electronic product manufac- 
turing organisation. The last section concludes based on the result obtained in this study 
and also highlight the future research work. 
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2 Methodology 


The process waste prioritisation solution developed in this study commenced by indicat- 
ing all the process wastes that could be generated in a manufacturing organisation. There- 
after, the HSIM methodology premised on the theory of subordination was deployed in 
order to interrogate the interactions and dependencies that exist amongst the various 
process wastes that affect the productivity of an organisation. The HSIM methodology 
deployed a contextual question that was used to conduct a pairwise assessment of two 
consecutive process wastes, with a view to develop a Binary Interaction Matrix (BIM) 
via subordination of a process waste relative to another, during the course of daily man- 
ufacturing operation. The contextual question utilised in this research, denoted as Qj; is 
presented as follows: 
63 = 1, if the influence of process waste i on an organisation productivity can be directly influenced by process waste j 
n 0, if the influence of process waste i on an organisation productivity cannot be directly influenced byprocess waste j 
Mathematically, the generalised form of the contextual relationship can be expressed 
as: 


Ifi — j = 1 then j — i = 0 however, 
Ifi > j= Othenj > i= 0orj—> i=l. 
On the other hand, the next step of the HSIM methodology is to develop a Hierarchical 


Tree Structure Diagram (HTSD) for process wastes ranking using the steps highlighted 
as follows: 


a) Locate the elemental spaces containing “1” in each row of the BIM matrix 
constructed. 

b) Form subordination by means of arrows to link row elements to their corresponding 
column elements where Qj = 1. 

c) Repeat steps (a) and (b) for the entire BIM matrix. 

d) Ifanelemente is subordinate to more than two elements, say; f, g, h e.t.c., and element 
f is subordinate to elements g and h, reduce the number of arrows by drawing only 
one arrow from e to f, f to g etc. 

e) Repeat step (d) for all identified subordinates, until all subordinates are connected 
by one arrow line, thus forming a hierarchy. 


Furthermore, Eqs. (1) to (3) was used to compute the intensity rating for each process 
waste. 


N, A 
IRPW; = ©. x Mg + ——(Mer — 11) (1) 
pw Tpw 
a= Nspw +41, (2) 
M. 
u= r x Mgr; (3) 


pw 
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Nspw is the number of subordinate process wastes possessed by a given process waste i, 
Tpw is the total number of process wastes considered in the study, Ms; is maximum scale 
rating, Mspy is the maximum subordinating process wastes and IRPW is the Intensity 
Rating score for each Process Waste. The intensity rating solution is premised on the: (i) 
the results of BIM exercise, which establish the number of subordinate process wastes 
(Nspw) that a particular process waste i possess and (ii) the rating of each process waste 
on a scale which ranges between a value of 0 and 9 as indicated in the study of Ayomoh 
and Oke (2006). Therefore, the value of the maximum scale rating (i.e. Msr) is 9. 

Lastly, Pareto Analysis was conducted based on the intensity rating of each process 
waste and the frequency of occurrence of each process waste generated in an organisation, 
with a view to ascertain the vital few process wastes limiting the productivity of an 
organisation. 

The steps deployed to conduct the Pareto exercise are as follows: 


a) Generate a table that would be used to capture the numeric result before proceeding 
to build the Pareto Chart. 

b) Populate the process wastes and the intensity rating score for each process waste 
(PWR) in the Table developed in step (a). 

c) Populate the frequency of the occurrence of each process waste (F), obtained at 
an Electronic Product Manufacturing Organisation considered in this study, in the 
Table developed in step (a). 

d) Compute PWR.F for each process waste. 

e) Rearrange the process waste name in the descending order of PWR.F. 

f) Rearrange the process waste value in the descending order of PWR.F. 

g) Determine the cumulative PWR.F based on the result of step (f). 

h) Determine the percentage cumulative PWR.F based on the result of step (g). 

i) Develop the Pareto Chart using the results obtained in steps (g) and (h). 


3 Results and Discussion 


3.1 Identified Process Wastes 


The process wastes presented in this study, obtained from the literature include: Over- 
production (O-Po), Excess Inventory (EI), Defect (D), Motion (M), Transportation (T), 
Waiting Time (WT) and Over-processing (O-Pc). 
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3.2 BIM Results and Discussion 


The result of the BIM matrix is depicted in Table 1. 

From Table 1, it could be seen that Overproduction (i.e. O-Po) has its effect on 
productivity directly influenced by process wastes {EI, D, M, T, WT}. In the same 
manner, excess inventory and defect (i.e. EI and D) are influenced by process wastes 
{M, T, WT}. Motion (i.e. M) is directly influenced by process waste {WT}. Other 
process wastes include process Transportation (i.e. T) influenced by process wastes {M, 
WT}, Waiting Time (i.e. WT), which is not directly influenced by any process waste, 
and Over-processing (i.e. O-Pc) influenced by process wastes {O-Po, EI, D, M, T, WT}. 
In light of this, it could be deduced that process wastes O-Po, EI and D respectively have 
5, 3 and 4 subordinate process wastes, while process wastes M, T, WT and O-Pc have 
1, 2, O and 6 subordinate process wastes. 


Table 1. Pair-wise comparison mapping (i.e. BIM) result for the identified process wastes 
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3.3 HSTD Result for Process Wastes 


The HSTD result presented in Fig. 1 has seven levels. 
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Fig. 1. HTSD for the prioritised process wastes 


As depicted in Fig. 1, Over-processing (i.e. O-Pc) is the most prioritised process 
waste while waiting time (i.e. WT) is the least prioritised process waste. Overproduction 
(i.e. O-Po) is a direct subordinate of O-Pc. Machines used in manufacturing organisa- 
tions in some instances are pushed to operate (i.e. continue processing product) on a 
full-time shift, with a view to reduce the operations cost incurred by an organisation, 
thereby resulting into overproduction. As a result of exceeding customers’ expectations, 
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excess inventories and rejects (to be classified as defect items) could be experienced in 
an organisation. In addition to this, over-processing of products produced create unnec- 
essary movement of workers to source and transport more unrequired raw materials in 
producing a product required by the customer. Closely followed, is O-Po. This process 
waste is on priority level 2. Production of more inventory items than what is needed 
by the immediate processing workstation could create the holding of excess inventories 
within these workstations. Therefore, overproduction could promote excessive lead- 
time, waiting time and storage in an organisation. With overproduction, which promote 
push system, there is a high chance that defects would not be detected early, hence, pro- 
moting high production of defects. In addition, as a result of overproduction, excessive 
motion and transportation is expected to be experienced in manufacturing organisations. 

Next to this process waste is the defect (i.e. D). Defect result into unplanned rework 
of products, thereby creating an increase in WIP inventories that bring about unnecessary 
movement of workers during the course of moving defective parts to the rework station. 
The time spent to rework defective products tends to increase the customer lead time 
and waiting time as well as increase the waiting time of the WIP items that needs to be 
processed at the rework station, if the rework station is a multipurpose workstation. Next 
on the process waste prioritised hierarchy is the excess inventory (i.e. EI). Availability of 
high amount of WIP inventories in a manufacturing organisation would promote exces- 
sive motion and transportation of WIP inventories amidst various workstations, thereby 
increasing the customer lead time and waiting time. The process waste on hierarchy 5 
is transportation (i.e. T). Transportation of WIP items and raw materials amidst various 
workstations in a manufacturing organisation stimulate a high number of motions exhib- 
ited by workers during manufacturing operations. This act result in high waiting time 
experienced by the WIP inventories, if insufficient material handling system is deployed 
in a manufacturing organisation. 

The process waste on the hierarchy level 6 is motion (i.e. M). Excessive movement 
of workers amidst various workstations during the production process will increase cus- 
tomer lead time and waiting time. Lastly, waiting time (i.e. WT) is on priority level 
7. The influence of all other process wastes high up the hierarchy could influence the 
customer lead time and waiting time, which could therefore result into low productiv- 
ity and customer dissatisfaction. In a nutshell, the production of any of these process 
wastes could on the one hand, result into lower productivity in the case of excess motion, 
transportation, waiting time, and defects. On the other hand, it could result into produc- 
tion of numerous unwanted inventories that emanates from over-processing (in terms of 
over-operation) and overproduction. 


3.4 Intensity Rating Results for Each of the Process Waste 


The results of the intensity rating of each process waste, which indicates the degree of 
contribution of these process wastes towards productivity loss experienced in a manu- 
facturing organisation, calculated using the results obtained in Table 2 and using Eq. (1) 
is depicted in Table 2. 
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Table 2. Intensity Rating for each Process Waste 


Process Waste |Rating | Process Waste | Rating 
O-Po 7.53 T 3.12 
EI 4.59 Ww 0.18 
D 6.06 O-Pc 9 

M 1.65 


Based on Table 2, it could be inferred that the intensity rating of the process wastes; 
O-Po, EI, D, M, T, W and O-Pc are 7.53, 4.59, 6.06, 1.65, 3.12, 0.18, and 9 respectively. 


3.5 Pareto Analysis of the Process Wastes Generated at an Electronic Product 
Manufacturing Organisation 


The Pareto Chart result, obtained using: (i) the Pareto computation procedure highlighted 
in the methodology section, (ii) the results presented in Table 2 and (iii) the frequency 
of process wastes generated at an electronic product manufacturing organisation for a 
period of one (1) month, which are 3 for D, 4 for EI, 2 for M, 10 for T, 0 for O-Pc, 1 for 
O-Po and 10 for O-Pc, obtained from the study of Makinde et al. (2022), is graphically 
illustrated in Fig. 2. 
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Fig. 2. Pareto Chart of the Process Wastes generated at an Electronic Product Manufacturing 
Organisation 


Based on Fig. 2, it could be inferred that 84.29% of the process wastes (i.e. the 
vital few process wastes) generated in an Electronic Product Manufacturing Organisa- 
tion considered in this study, are transportation, excess inventory and defects while the 
remaining 15.71% of the process wastes (i.e. the non-vital process wastes) generated in 
this organisation are overproduction, motion, waiting time and over-processing. 
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From this Pareto result, it could be inferred that production managers and deci- 
sion makers at this Electronic Product Manufacturing Organisation need to focus and 
concentrate their management efforts more on establishing suitable strategies tailored 
towards eliminating the aforementioned three (3) critical process wastes, with a view to 
exponentially improve the productivity of this organisation. 


4 Conclusion 


In view of the need to identify and eliminate process wastes present within a manu- 
facturing organisation, many production managers are forced to explore novel solutions 
tailored towards improving the leanness of their production processes. In light of this, this 
study proposed a Pareto-enhanced HSIM technique, which on the one hand, prioritises 
myriads of process wastes that result into production loss using the principle of subordi- 
nation, ingrained with Hierarchical Process Waste Tree Structure diagram. On the other 
hand, it unveiled the vital few process wastes based on the HSIM prioritisation results. 
The Pareto-enhanced HSIM result deduced that transportation, inventory and defects are 
the vital few process wastes contributing to the productivity loss experienced in an elec- 
tronic product manufacturing organisation, used as a case study for this research work. 
The solution obtained from this study should attract lean manufacturing community since 
it open up a relatively new area of process waste prioritisation investigated towards pro- 
moting the leanness of processes used in manufacturing organisations. Development of 
a process waste elimination funding model tailored towards improving the productivity 
of a manufacturing organisation based on the Pareto-enhanced HSIM results should be 
explored in future studies. Further to this, comparative analysis of the process wastes 
prioritisation solution of this approach with the process wastes prioritisation solution of 
the approaches available in the literature need to be explored. 
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Abstract. Additive Manufacturing (AM) is a key Fourth Industrial Revolution 
(4IR) technology in which parts are manufactured directly from 3-dimensional 
models through selective deposition of materials. As a digital technology, AM 
can be used to produce complex parts that are difficult to make using traditional 
methods without the need for tooling. Hence, the aim of this study is to investigate 
the performance of Fused Deposition Modelling (FDM) in the manufacture of 
pump impellers. This involves performing simulation to test the performance of 
pump impeller under real-life working conditions at different operating speeds and 
pressures. The model of the impeller as casted in the FDM process was developed 
in the complete Abaqus modelling environment. The model part was created as 
single solid homogenous part with no nodal separations or assembly ties or con- 
straints between the base of the impeller and its blades, in relation to its as-cast 
manufacturing state. The results obtained showed that extreme operating speeds 
of up to 1000 rad/s or pressures of 0.22 MPa are not suitable conditions under 
which the impeller will operate without compromising its efficiency and struc- 
tural integrity. The study is useful in providing guidance on the application of 
FDM to produce functional parts. Through the study, the capability of AM as 
a suitable approach for enabling local sustainable production of spare parts is 
demonstrated. 


Keywords: 4IR - AM . FDM - Pump impeller - Simulation 


1 Introduction 


ASTM [1] defines Additive Manufacturing (AM) as a process of joining materials to 
make objects from 3D models in a layer-by-layer strategy. The design freedom of AM 
allows engineers to make complex parts that are difficult to produce with traditional 
methods [2]. As a result, the technology has found application in the aerospace, automo- 
tive and medical industries [3]. Compared to conventional manufacturing, AM boasts of 
freedom of design, flexibility, cost and time effectiveness [4]. Among the different AM 
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systems, the Fused Deposition Modelling (FDM) is the most common cost-effective and 
safe technology [5]. 

The FDM is an AM process involving the use of a filament of a thermoplastic 
material that is fed through the extruder followed by material deposition and curing in 
successive layers [6]. The FDM process involves melting a polymeric material, which 
is extruded and deposited layer by layer to produce the desired component [7]. The 
manufacturing process of FDM makes the technology easily accessible for small and 
medium scale enterprises to use it in the manufacture of local products. Existing literature 
has reported that the use of the FDM technology for the fabrication of hydraulic pump 
impeller boasts of material, time and cost effectiveness with similar performance to 
the impeller manufactured conventionally [8, 9]. Although the surface roughness of the 
impeller poses, a constraint but this challenge can be addressed via post-processing. 
Much of the studies in literature are focused on the use of experiments to determine 
optimum parameters for producing parts using FDM. There is limited emphasis on the 
initial numerical analysis. Hence the study aims to investigate the structural integrity 
and suitability of FDM-produced pump impellers using numerical analysis. This work 
contributes in both method and theory to the investigation of the stress, deformation 
and strain response of the impeller and each blade at different blade position, pressure 
and rotational speeds. The material considered for the application is tough PLA due to 
its superior mechanical properties. The study provides an insight into the behaviour of 
the performance of pump impeller under the required service condition. It is useful in 
providing guidance application of FDM to produce functional parts. Through the study, 
the capability of AM as a suitable approach for enabling local sustainable production of 
spare parts is demonstrated. Furthermore, this study can promote sustainability of the 
manufacturing process in terms of material, energy, time and cost effectiveness as well as 
environmental friendliness without compromising the performance of the manufactured 
impeller. 


2 Materials and Methods 


The component considered in this study for modelling and simulation is the automo- 
bile pump impeller. Pumps are vital components of many industrial plants and find 
applications in a wide range of endeavours from power plants to oil and gas plants 
to manufacturing plants and water treatment and distribution plants. Thus, the usage, 
maintenance, and replacement of pump impellers are common operations within these 
industries which influence their day-to-day running in terms of cost and service-delivery. 
FDM additive manufacturing process comes with the advantage of ease of manufactur- 
ing and replacing impellers in-situ, with less downtime, while staying in touch with the 
demands of meeting industry targets. However, according to Salifu et al. [10], the usage, 
maintenance and replacement of low-end, low-life components like impellers are based 
on operation life assumptions and quick-fix ends, which sometimes have detrimental 
consequences. The advent of advanced computing and computing power over the years 
for investigating the performance of additively manufactured components have been 
highlighted [11-13]. Fameso and Desai [14], and Fameso et al. [15] encouraged pre- 
dictive study of the mechanical integrity of additively manufactured components using, 
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commercial finite element analysis (FEA) codes in modelling and simulating their work- 
ing operation and condition even before production. The thermomechanical behaviour 
of the FDM impeller under typical pumping operation condition was determined using 
ABAQUS CAE/2020 commercial software. The stress and strain distribution across the 
3D modelled impeller were evaluated as developed under operating conditions. Since 
pumps are built to work under different conditions and working temperatures, stresses 
developed can be as a result of any or a combination of cyclic, centrifugal and thermal 
loads which must not exceed the limits of the material’s mechanical and thermal proper- 
ties, otherwise increased deterioration rate and eventual failure will be imminent if not 
inevitable. 


2.1 Model Development 


The mechanical properties of the impeller’s material are presented in Table 1. The model 
part was created as single solid homogenous part with no nodal separations or assembly 
ties/constraints between the base of the impeller and its blades, in relation to its as-cast 
manufacturing state. 


Table 1. Mechanical Properties of PLA 


Density Young’s Poisson’s | Yield Conductivity | Expansion | Specific 

(kg/ m ) modulus ratio strength (W/m.K) (1/K) heat 
(GPa) (MPa) (I/(kg-K) 

1240 3.5 0.37 53 0.13 0.00012 1800 


3D hexagonal-shaped controlled mesh with advancing front algorithm was used in 
discretizing the modelled part into finite elements and the convergence in size of the 
elements was measured based on the thermos-mechanical stresses developed in the part. 
This was used in determining the mesh size of 5 mm as the most suitable mesh which 
strikes a balance between computational cost and accuracy. The meshed impeller model 
had about 7,000 linear continuum hexahedral 8-node brick elements. 


2.2 Analysis Steps and Loading Conditions 


In the analysis of sequential interactions of thermal and mechanical forces on the impeller 
as carried out in this study, static general and steady state heat transfer steps were cre- 
ated and sequentially invoked. The selection of the thermal and mechanical conditions 
(temperature, operating speed and pressure) were guided by the existing literature within 
the context of common applications of the impeller. The novelty of the modelling app- 
roach lies in the fact that the thermal analysis was first carried out to compute the heat 
transfer and all thermal effects of the operating environment on the impeller. The output 
is stored in a database, which includes the nodal stresses due to heating and changes 
in temperature. This output database was subsequently invoked as initial conditions for 
the analysis of mechanical forces in the static general analysis step. This approach is 
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aimed at improving the precision of investigating the stress, deformation and strain of 
the impeller and each blade at different blade positions, pressures and rotational speeds. 

Thermal interactions were created between the part and its environment. A sink upper 
design limit temperature of 420 K with film coefficient of 10 kW/m?K was applied to 
the anterior fagade of the impeller where the blades interact with the fluid it supplies 
energy to, while a sink temperature of 298 K with film coefficient of 18 W/m?K was 
applied to the posterior façade which adjourns the external working environment of the 
impeller. Both temperatures correspond to the operating temperature gradient between 
the impeller and the fluid on one hand, and the impeller and its outside surroundings on 
the other hand. The film coefficients also represent the convective coefficients of heat 
transfer between the impeller and the fluid and air streams respectively. 


3 Results 


The results and superimposed graphical plot of deformation and strains on the impeller 
at different rotating speeds and a constant operating pressure of 0.11 MPa and at different 
operating pressures but constant rotational speed are presented in Fig. | and Fig. 2. 
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Fig. 1. Deformation and strain of impeller at different rotational speed 


It can be observed from Fig. 1, that the impeller experiences increasing strain as 
its operating speed increases, with the rate of increase in strain maintaining a gentle 
near-linear profile at speeds of between 200 and 750 rad/s, corresponding to 1,900 rpm 
to 7,125 rpm, which is within the operating range of most motor vehicles. However, 
tested at rotational speeds higher than these, the strains experience exponential increase, 
with a sharp jump in the profile from a gentle slope to a rather steep one, suggesting that 
operating in this condition will be detrimental to the integrity of the impeller. The result 
of these increasing strains with operating speed is a continuous increase in the maximum 
possible deformation that the impeller will experience as a result of a combinations of 
the rotational body forces and other physical agents associated with its operation in such 
conditions. 
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Fig. 2. Deformation and strain of impeller at different pressure 


Figure 2 similarly presents increased deformation resulting from the corresponding 
increase in strains dues to rising operating pressures. The results and contour plot for 
the stress, deformation and strains on the impeller at the different rotating speeds and 
operating pressures are presented in Fig. 3. 
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Fig. 3. Stress, deformation and strains on the impeller at rotating speed of 100 rad/sec and 
operating pressure of 0.11 MPa 
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Figure 4 shows that low operating speeds and the relatively lower 0.11 MPa operating 
pressure, the maximum induced stresses on the blades are going to be below yield, with 
zero plastic strain experienced. The strains in this region can be managed by mounting 
dampers that will absorb and reduce these effects. 


Fig. 4. Stress, deformation and strains on the impeller at rotating speed of 300 rad/sec and 
operating pressure of 0.11 MPa 
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The bulk of the strains experienced will be elastic strains which will not cause any 
permanent distortions or damage. All the deformations especially at the leading edges 
will be recoverable. As expected, the only region of concern will be the groove where 
the impeller mounts the shaft. The effects of cycling stresses. The distribution profiles 
at a slightly higher speed of 300 rad/s corresponding to 2850 rpm. However, the gradual 
commencement of build-up of stresses in beginning to manifest, with a possibility of 
plastic strain inducing yield at some location on the load bearing leading edge of blade 
2. Deformations induced at these conditions are still largely recoverable making it safe 
still, to be operated under such condition. The effects of ramping up the operating speed 
to the limits at 1000 rad/s corresponding to 9500 rpm maintained first at 0.11 MPa and 
then at an upper limit of 0.22 MPa are presented respectively in Figs. 5 and 6. 

The deformation and strain response of each blade to the conditions highlighted 
thus far are graphically presented in Fig. 7. In addition, these results have corroborated 
results presented in earlier, which has revealed that extreme operating speeds of up to 
1000 rad/s or pressures of 0.22 MPa are not suitable conditions under which the impeller 
will operate without compromising its efficiency and structural integrity. 
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Fig. 5. Stress, deformation and strains on the impeller at rotating speed of 1000 rad/sec and 
operating pressure of 0.11 MPa 
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Fig. 6. Stress, deformation and strains on the impeller at rotating speed of 1000 rad/sec and 
operating pressure of 32 MPa 
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Fig. 7. The deformation and strain response of each blade at different blade position, pressure 
and rotational speed 


4 Conclusion 


The aim of this study is to investigate the performance of FDM in the manufacture of 
pump impellers at different operating speeds and pressures. This was achieved with the 
aid of modelling and simulation in the Abaqus CAE. 3D hexagonal-shaped controlled 
mesh with advancing front algorithm was used in discretizing the modelled part into finite 
elements and the convergence in size of the elements was measured based on the thermos- 
mechanical stresses developed in the part. It was found that extreme operating speeds of 
up to 1000 rad/s or pressures of 0.22 MPa were not suitable conditions under which the 
impeller will operate without compromising its efficiency and structural integrity. The 
study provides an insight into the behaviour of the performance of pump impeller under 
the required service condition. It is useful in providing guidance application of FDM to 
produce functional parts. In addition, this study can promote sustainability of the man- 
ufacturing process in terms of material, energy, time and cost effectiveness as well as 
environmental friendliness without compromising the performance of the impeller man- 
ufactured conventionally. Future work can consider the comparative analysis between 
the numerical results and the actual experimental results, optimisation of the process 
parameters and the prototyping of the modelled component. 
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Abstract. Aerospace is a large and growing industry currently dependent on fossil 
fuels. UK aviation has committed to achieving net zero emissions by 2050. 

In order for the UK aerospace sector to achieve the sustainability goals, it 
needs to use the latest technologies while making sure to minimise negative 
environmental impacts. 

Ongoing debates claims that the definition of sustainability and its assess- 
ment is vague. Companies struggle with quantifying the return on their sustain- 
ability investments and necessitate a methodology to aid decision making and 
quantify improvements against sustainability and profitability. For that reason, 
this investigation focused on defining a framework to assess sustainability for 
aerospace manufacturing following a triple bottom line (TBL): profit, people 
(social responsibility) and planet. 

The author surveyed a range of major aerospace businesses, including Air- 
bus, BAE Systems, Boeing, GKN, Rolls-Royce and Spirit Aerosystems, who are 
all industrial partners at the University of Sheffield Advanced Manufacturing 
Research Centre (AMRC). These businesses are all working together to iden- 
tify and solve the common challenges associated with sustainable manufacturing 
and contributed their thoughts to the development of this definition. 

Collected information has been integrated in a trade study framework that 
helps scenario comparison and decision making. Discrete Event Simulation (DES) 
has been used to test the methodology, defining and quantifying alternative 
scenarios. The framework developed in this study aims to help ensuring that 
aerospace companies remain profitable whilst also fulfilling the industrial Partners’ 
environmental and societal obligations. 


Keywords: Sustainability - Decision Making - Aerospace - Discrete Event 
Simulation - DES - Trade Study - Manufacturing 


1 Introduction 


Worldwide, the aviation industry accounts for around 2% of all human-induced carbon 
dioxide (CO2) production [1]. The international community predicts that global aviation 
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emissions will grow by an additional 300-700% by 2050 if no effective measures are 
taken [2]. 

The UK’s aerospace sector is a world leader in developing new technologies and 
vital to the UK economy. It provides over 120,000 highly skilled jobs and has an annual 
turnover of £35 billion, the majority of which comes from exports to the rest of the 
world [3]. Recently, UK aviation has committed to achieving net zero emissions by 
2050 [4]. In order for the aerospace sector to maintain its spot and achieve the sustain- 
ability goals, it needs the use of the latest equipment and processes while minimising 
negative environmental impacts and conserving energy and natural resources. There- 
fore, the aerospace industry needs to identify, quantify, assess and manage the flow of 
environmental waste/emissions and maximise resource efficiency (i.e. energy, people, 
time). 

However, ongoing debates claims that the definition of sustainability and its 
assessment is vague leading to significative uncertainties in quantifying the return on 
sustainability investments [5]. 


2 Mapping Sustainability within Aerospace Industry 


2.1 Literature Review on Sustainability in Aerospace Industry 


Sustainability is the ability to maintain or support a process continuously over time. In 
industry, sustainability seeks to prevent the depletion of natural or physical resources 
in order to maintain a healthy environment while preserving a financially and socially 
viable business. 

As a large and growing industry currently dependent on fossil fuels, to meet sustain- 
ability targets, the entire Aerospace industry needs to collaborate and coordinate—not 
just airframe Original Equipment Manufacturers (OEMs), engine manufacturers, and 
suppliers, but also energy companies, airports, regulators, and other stakeholders [6]. 

Focusing on manufacturing, there are four types of practices leading to more sus- 
tainable development: product modification, product improvement, process modifica- 
tion, and process improvement [7]. Modification implies an alteration in the product 
or process, while an improvement keeps them the same, but more efficient. The main 
problem is that assessing a particular activity’s contribution to sustainability is difficult 
for several reasons [8]: 


e the concept of sustainability is vast in scope and consequences of some decisions 
demonstrate over a long time. 

e The level of complexity can be very high because of the vast scope to deal with and 
multiple interactions to consider among economic, environmental and social elements. 

e Relations among variables are in most cases dynamic. 

e Systems in question often do not exist yet and it may be necessary to investigate the 
impact of various scenarios or plans on sustainability before actual implementation. 

e Different levels of granularity may have to be handled at the same time. 


In recent years, a triple bottom line (TBL) approach has become more prominent 
[9]. TBL posits that instead on one bottom line (profit), there should be three: profit, 
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people (social responsibility) and planet. The three key principles of TBL should be 
measured, but they do not, of themselves, provide a measurement system. Therefore, 
many organisations are developing specific evaluation tools and best practices to help 
them achieve a suitable balance across Social, Environmental and Economic principles 
[10]. Currently, aerospace leaders try to touch every aspect of these principles in their 
operations [11, 12]. 

To plan and measure sustainability and cope with uncertainties, virtual simulations 
(e.g. discrete event simulation) are widely adopted. The use of DES plays a pivotal 
role in designing sustainability related strategies, since it allows the stakeholders to 
“experiment” what-if scenarios prior to “implementation” [13]. 

However, a major source of confusion is that the list of requirements used to evaluate 
alternative scenarios differs from organisation to organisation, leading to omissions, 
inconsistencies and inaccuracies [5]. 


2.2 An Assessment on Sustainability Aspirations and Strategies of a Selected 
Subset of AMRC Aerospace Partners 


A survey was circulated across the University of Sheffield Advanced Manufacturing 
Research Centre (AMRC) aerospace industry partners, including Boeing, Airbus, Rolls- 
Royce, Spirit AeroSystems, GKN, BAE Systems (and many more) that are currently 
involved in the grand challenge of sustainable development, to help focus and drive 
the direction of this project and gauge interest in this activity. The following data was 
collected: 


e opinions on the most important drivers for sustainability in manufacturing processes. 

e Ideas on the steps that should be undertaken to improve sustainability in aerospace. 

e The technological improvements that responders would like to see to increase 
sustainability. 

e The challenges industry faces in applying sustainability improvement measures. 


Most frequent answers highlighted that: 


e “Cost”, “waste” and “energy consumption” are the major sustainability drivers and 
should be tackled to have more sustainable processes. 

e “Materials”, “processes” and “energy” are the major focus areas and should be inves- 
tigated, this includes exploration of novel materials (ideally light weight) and ways 
to process with them. 


The survey analysis emphasised that companies struggle with quantifying the return 
on their sustainability investments and necessitate a standardised framework method- 
ology to aid decision making and quantify improvements against sustainability and 
profitability. 

It appeared clear that the major questions to be addressed by our research were how 
to harmonise the requirements used to compare the sustainability scenarios and how 
the existing methodology (simulations) could be efficiently used towards the creation of 
such a comparison framework. 
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3 Comparison Methodology: DES and Trade Study 


3.1 Introduction 


The AMRC’s Manufacturing Intelligence team developed a framework trade study 
for comparing alternative scenarios, with particular focus on aerospace manufactur- 
ing processes, encompassing all the requirements that should be evaluated to assess 
sustainability. 

Measurements were integrated to a Discrete Event Simulation (DES) as a case study 
to test scenarios. This DES model in conjunction with the Trade Study tool is the frame- 
work created to be used in order to make informed decisions based on real data to target 
more sustainable solutions (e.g. cost, energy, carbon footprint and waste reduction) in 
the TBL sphere. The developed framework in this study is aiming to help ensuring 
that Aerospace sector remain profitable whilst also fulfilling environment and societal 
obligations. 


3.2 Trade Study Framework 


A trade study (or trade-off study) is a formal tool that supports decision making selection 
of the best or most balanced solution among the proposed alternatives. 

Over the course of recent years reviewing best-practice from a range of projects, the 
AMRC’s Manufacturing Intelligence team have developed a state-of-the-art trade study 
process. This enables key stakeholders at the very beginning of a project phase, to have a 
comprehensive, bias-free understanding of each of the alternative options based on key 
drivers, and then down-selected the optimum solution for a particular objective. This 
trade study process has been successfully applied in a number of projects with AMRC’s 
partners and customers. 

Figure | shows the main steps to reach decision. Some step may be iterative (e.g. 
comparing scenarios). 


Requirements definition 


Scenario definition 


Populating the Trade Study 


Comparing scenarios 


Results & Decision Making 


Fig. 1. Decision making steps 
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3.3 Requirements Definition 


In order to compare alternatives with particular focus on sustainability, the trade study 
framework has been populated (Table 1) with requirements defined in accordance with 
AMRC partners and industry needs, formulated on the base of the data collected during 
the surveying activity and literature review. Each requirement is composed by a top level 
(Key Driver) broken down in Key Performance Indicators (KPIs). The key drivers are 
the main focus areas to be considered. 


Table 1. Requirements. 


Key Drivers KPIs 


Manual Intervention Time Future-Proof Maintenance Process capability 


Takt Time End of life Frequency Disassembly Effort Index 


Longevity indicator (LI) Operator safety Process Modularisation 


Material design Recyclability Cleanliness of product Cotar OF 
Biological materials 


Composition of structural 
elements ensuring future 
reusability 


Leasing / buy-back 
schemes 


PRODUCT Product design Location of material source 


f toxic or hazard 
Waste Disassembly Use optoxt a SESU Product Modularisation 
materials 


Factory planning / shift pattern Storage facility Staff costs Deterioration & Age 
FACTORY / Size Utility costs Transport links Flexibility of the structure 
INFRASTRUCTURE Location Labor rates Utility links Deterioration 


Complexity Capex 


Compressed Air Consumables Extraction 
SERVICES / RESOURCES 


LOCAL Operator well-being Air Quality Pollution / Emissions 
Noi Light Envi tal risk 
ENVIRONMENT onse. ighi nvironmental ris! 


Operator safey 


3.4 Populating the Trade Study Framework 


KPIs receive an importance score from 1 (low importance) to 7 (critical importance). 
This is used to correct the performance score assigned to an alternative adjusting the 
results depending on KPIs’ importance. In order to drive the comparison in term of 
sustainability, the higher is the sustainability implication, the higher is the importance, 
therefore, for example, KPIs like “energy consumption” or “recyclability” have “7” as 
importance score. Importance scores may be different depending on project/customer 
requirements, an investigation with stakeholders is encouraged to properly set the scores 
at the beginning of any application. 
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Alternative scenarios receive performance scores against each KPI. These scores 
may have different nature, quantitative, qualitative, or opinion-based, depending on the 
availability, maturity of the baseline and scenarios. The easiest way to score is using a 
scale from 1 (really poor performance) to 10 (outstanding performance). The different 
scenarios are modelled with the aid of DES to quantify differences. 

For real-world industry applications, it is advisable to use quantifiable and mea- 
surable data wherever possible (e.g. energy consumption in KWh, energy costs in £), 
these are automatically converted through a scaling system in values from | to 10 to aid 
comparison. However, the direct application of values on scales from 1 to 10 is always 
possible for qualitative or opinion-based data. Additional Key Drivers and KPIs could be 
added in case is necessary for specific applications. Furthermore, the framework allows 
to switch off requirements if data are unavailable or not applicable. 


3.5 Comparing Scenarios and Results 


DES is commonly used to test, monitor and predict the behaviour of a manufacturing 
production process giving the user the possibility to change the system (e.g. workflow) 
to see results before applying a modification to a real factory environment. With this 
logic, once a baseline mirroring, for example, a production facility is built, it can be used 
to optimise a series of factors (e.g. throughput). 

Data capture is the key part of the project as this directly influences the accuracy of 
the simulation model. The AMRC has created a generic model to experiment different 
scenarios and defined the following data set, which is needed to drive the DES model: 
process-flows, cycle-times, operators, shift-patterns, buffers/store areas. 

In order to test the methodology, a baseline and 3 alternatives have been used. These 
are speculative scenarios, not linked to a real-world manufacturing process but a simple 
exemplary representation based on project experience (Fig. 2). 


MANUAL LATHE 


Fig. 2. Discrete Event Simulation model 


Lanner Witness DES software was used to simulate the scenarios. The baseline was 
a simple manufacturing route to produce aerospace metallic components across 4 manu- 
facturing areas: manual lathe, RD (radiographic) inspection, CNC (computer numerical 
control) machine and CMM (coordinate measuring machine). Improvement scenarios 
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used different batch sizes and improved cycle-times/resource allocation. A change in 
design, resulting in reduced waste for the product, was considered for Alternatives 2 and 
3 resulting in even more appealing solutions as shown in Fig. 3. For instance: 


e Alternative 1 — reduction of cycle-times by 5% 

e Alternative 2 - reduction of cycle-times by 10%, change in component design to target 
waste reduction by 2% 

e Alternative 3 - reduction of cycle-times by 12%, change in component design to target 
waste reduction by 6% 


Key drivers of “Product”, “Process”, “Local Environment” and “Factory Infrastruc- 
ture” have been evaluated reflecting the improvements. Scores have been calculated 
using a scale from 1 to 10 based on the alternatives’ values. The performance score used 
for the baseline scenario was “5” (considered average). Analysis showed that the alterna- 
tives resulted better than the baseline, with Alternative 2 and 3 performing significantly 
better (Fig. 3). The bar breakdown shows the performance results against specific drivers 
for each alternative scenario. Sustainability performance is highlighted in Table 2. 


80.0% 


70.0% 
60.0% 
50.0% 
40.0% 
30.0% 
20.0% 
10.0% 

0.0% 


Key Drivers Maximum BASELINE | ALTERNATIVE 1 l ALTERNATIVE 2 | ALTERNATIVE 3 
19.9% 8.8% 8.8% 15.7% 16.8% 

LOCAL ENVIRONMENT 20.5% 9.1% 10.4% 17.2% 14.4% 

PROCESS 34.5% 13.3% 15.3% 23.3% 22.4% 
25.1% 11.1% 11.1% 14.2% 20.5% 
100.0% 42.4% 45.7% 70.4% 74.2% 


Fig. 3. Scenario comparison (scores normalised on a scale 0%—100%-—100% being the maximum 
achievable cumulative score) 


It is important to notice that best overall alternative may perform worse against spe- 
cific drivers as highlighted in both Table 2 and Fig. 4. For instance, Alternative 3 had 
overall the best cumulative score but Alternative 2 was better for “Local Environment” 
and slightly better for “Process”. Specifically, reduction of cycle-times by 12% on Alter- 
native 3 resulted in a slight increment in energy consumption (worse score for “Process” 
in comparison with Alternative 2) and more manual operations (reduced operator well- 
being and therefore reduced score for “Local Environment’). Before eventual adoption, 
it is worth to quantify in detail why Alternative 3 is worse in those areas and what can 
be done to eventually increment the scores. 


666 M. Franchino 


Although this example is quite simple, in real-world cases the level of complexity can 
be very high, with multiple interactions, often dynamic, among the KPIs. The framework 
is thought to capture all these interactions and investigate the impact of various scenarios 
before application. 


Table 2. Scenario comparison: Sustainability performance (improvement on baseline). 


Alternative 1 Alternative 2 Alternative 3 
| 0.0% +5.6% +6.0% 
| LOCAL ENVIRONMENT +1.3% +8.1% +5.3% 
| PROCESS +2.0% +8.4% +8.3% 
| 0.0% +3.0% +9.4% 
+3.3% +25.2% +28.9% 
ALTERNATIVE 2 FACTORY / 
INFRASTRUCTURE 
ALTERNATIVE 3 25.0% 
20.0% 


LOCAL 


PRODUCT ENVIRONMENT 


PROCESS 


Fig. 4. Best alternatives comparison 


4 Conclusions 
The following objectives were reached by the research described in this paper: 


e main sustainability drivers, focus areas and current issues in sustainability assess- 
ment were identified collecting information from industrial experience and AMRC’s 
Aerospace partners. 

e Major objectives for the sustainability improvement efforts were highlighted. 

e A framework encompassing trade study analysis and DES modelling was generated, 
capturing all relevant aspects in form of requirements to compare alternative scenarios, 
with particular focus on aerospace manufacturing processes. 


Framework for Sustainability in Aerospace 667 


e This framework has been tested on speculative scenarios to highlight the methodology 
capabilities. 


The long-term aim is to apply the framework developed to case studies and projects 
to highlight sustainable solutions, quantify improvements and justify decisions. 

This has the objective of addressing one of the major findings from the survey- 
ing activity within the aerospace sector: quantifying the return on sustainability invest- 
ments and the necessity to aid decision making and quantify improvements against 
sustainability and profitability. 

Further engagement with AMRC relevant partners and industry collaboration will 
be vital for the successful application of the described framework methodology. Dis- 
semination of the work undertaken in this project will be part of the first step to gauge 
major interest and spark further discussions towards more sustainable solutions. 
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Abstract. Additive Manufacturing (AM) as much as sustainability aspects gained 
increasing attention in the last couple of years. The vision of resource-efficient 
manufacturing at batch size one is often claimed as an outstanding property of 
AM. Fused Filament Fabrication, as one of the most used AM technologies, sat- 
isfies this statement only in a restricted sense, through simple handling for non- 
experts and low-cost materials and machines. Next to performance-driven and 
process-influencing attributes, the question of a general ecological improvement 
through thermo-mechanical recycling rises. Therefore, recycling options of the 
thermoplastics are mandatory to explore. Based on the ISO 14040/44 Life Cycle 
Assessment (LCA) methodology two different geometries were environmentally 
assessed during a primary process cycle, using, and recycling. Each geometry was 
manufactured by a bio-based polymer and internationally produced (PLA) and 
petroleum-based locally produced polymer (PP) with a corresponding support fil- 
ament. The methodological approach demonstrates an option how to evaluate the 
field of AM and recycling regarding environmental aspects. Furthermore, an adap- 
tion of the sensitivity towards industrial parameters (material/energy efficiency) 
showed an ecological benefit concerning recycling. 


Keywords: AM - LCA - Thermo-mechanical Recycling - PP - PLA 


1 Introduction 


Initial Situation. Based on a layer-wise material application, Additive Manufactur- 
ing (AM) technologies are considered as an appropriate supplement to conventional 
manufacturing. The steady development of its hard- and software led to a decrease of 
machines and material investment. The potential around AM seems promising [1, 2]. 
The AM technology Fused Filament Fabrication (FFF) is characterized by a strand-by- 
strand positioning of a melted filament through an extruder-nozzle. FFF often sell the 
image of an ecological conscious technology [3]. 


© The Author(s) 2023 
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Current Problems. Manufacturing actions are responsible for about 19% (2010) of 
global greenhouse gases (GHG) [4]. The plastic industry alone emits 8% of all produced 
GHGs through raw material extraction and energy demand of processing technologies 
[5]. Annually, 367 Mio. t (2020) of plastic components are produced [6], whereas only 
30% of the produced plastic waste are recycled in the European Union. The problems are 
often referred to a low quality and high price of recycled products, as much as difficulties 
in systematic collection and sorting processes [7]. 


Aim of Research. Closing the gap between ecological assessment and recycling of AM 
products, quantitative ecological assessment via LCA and thermo-mechanical recycling 
is implemented. The primary and secondary production (via FFF) is conducted with a 
bio based internationally produced (PLA) and a petroleum based locally produced (PP) 
filament for a simple cuboid geometry and additional support structure for a complex 
blade geometry. In terms of industrial scaling, a sensitivity analysis in consideration of 
an increased material, process, and energy efficiency is executed. 


2 State of the Art 


There is a growing interest in the research landscape regarding recycling in terms of waste 
management, recycling technologies, and recyclability of materials [8, 9]. Despite issues 
in relation to varietal purity and degradation, thermo-mechanical recycling seems the 
most promising recycling strategy for mass-focused processing of polymers [10]. Vari- 
ous studies were conducted about the recycling of PLA [11, 12] and PP [13, 14] in the 
AM context. Primarily, they focus on performance-driven parameters. Most of research 
regarding AM document technological and economic advantages [15], whereas most of 
the specific ecological aspects are discussed qualitatively [3, 16], like resource-efficiency, 
material reduction, minor waste production and production decentralization. A method 
for ecological assessment is the LCA (ISO 14040/44) [17]. It contains a complex frame- 
work for addressing an ecological process analysis and refers to environmental impact 
indicators [18]. The general integration of LCA in the AM context is proposed in several 
studies [19, 20], whereas most of the work is presented in specific subfields: There are dif- 
ferent research papers concentrating on the energetical characterization [21], hazardous 
emissions [22], and different applications like automotive [23] and the comparison of 
conventional and AM manufacturing technologies [24]. 
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3 Materials and Methods 


The LCA was executed for a bio based PLA (Premium PLA from Raise3D) with 
petroleum based PVA (Aquasolve from FormFutura) and petroleum based PP (P-filament 
721 natural from PPprint) with the P-support 279 from PPprint. 


3.1 Manufacturing, Using State and Recycling Process 


The LCA is based on a referenced material extrusion manufacturing process, a simulated 
using stage and the recycling process (see Fig. 1). 


Manufacturing Using stage Recycling 
Design 

Data transfer Shredding 
Nesting alat f Extrusion 
Parameter specification Simulation of usage Granulating 


Slicing 

Machine and material 
pre processing 

Manufacturing 


Re-extrusion 


Fig. 1. Manufacturing, using stage and recycling process 


Manufacturing. The following manufacturing parameters were set on a Raise 3D E2: 
Extrusion temperature: 210 °C; print bed temperature: 70 °C; printing speed: 30 mm/s; 
part infill: 50%; layer height: 0.2 mm; extrusion: 100%. 


Using Stage. The using state was simulated according to ASTM F1980-16 [25]. The 
specimens of PLA and PP have been conditioned for 14 days with a temperature of 60 °C 
and a relative humidity of 7.8% in a Carbolite Recirculating drying cabinet PF. These 
conditions correspond to a usage of about half a year under normal temperature (25 °C). 
Mechanical loads, potential containments and wear were not simulated. 


Recycling. For shredding the specimens the SHR3D IT from 3devo was used. The PLA 
flakes were conditioned in a vacuum oven at 60 °C for 24 h before the extrusion process. 
The Next 1.0 - advanced extruder from 3devo was used with following specifications: 
extrusion speed: 3 rpm; ventilation: 25%; heating element 1 temperature: 140 °C; heating 
elements 2—4 temperature: 180 °C. 


3.2 Specimens 


For executing the LCA with an applied and industrial-linked purpose, two different 
specimens were used Fig. 2. 
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30 mm 
41 mm 


30 mm ap 


10 mm 
80 mm 


Fig. 2. Cuboid (a) and impeller (b) specimens 


3.3 Life Cycle Assessment (LCA) 


The impact of the processes in terms of ecological aspects was assessed with a standard- 
ized LCA acc. to ISO 14040/44 [17]. The methodical procedure proceeded via target and 
scope definition to data collection in the inventory analysis (Life Cycle Impact Analysis, 
LCIA). The developed LCA model is shown in Fig. 3 as a reference flow of the functional 
units (specimens). The foreground system includes all processes that were practically 
carried out and accompanied within the scope of this work. For conducting the LCIA 
as a step of the LCA, the ReCiPe Endpoint Method was selected [26]. As credibility 
reference the Impact 2002 + LCIA method was applied additionally. 


3.4 Life Cycle Impact Analysis (LCIA) 


The reference flow of the functional unit was broken down into the individual processes 
and the input and output resources supplied and discharged were listed for each process 
unit. Primary processes are located in foreground system, whereas non-specific processes 
and background processes are located in background system. 


Origin Material Production. The data collection regarding primary material produc- 
tion (PP & PLA) was taken from the ecoinvent 3.1 database of the LCA software SimaPro 
9 and literature sources. Due to lack of availability of data on PVA granules, polyvinyl 
chloride (PVC) granules have been used as a substitute material, with the compromise 
of the missing saponification process. 5% material loss and energy consumption of 1 
kWh/kg were assumed [27]. 


Transportation. The following transportation settings for PLA were calculated from 
production facility — container port — container port — parcel hub — final target: (Shangahi, 
CHN): 329 km (truck Euro 3) — (Hamburg, GER): 19,979 km (trans ocean tanker) — 
(Feucht, GER): 621 km (truck Euro 6) — (Bayreuth, GER): 79 km (truck). The following 
transportation settings for PVA were calculated from production facility — parcel hub — 
final target: (Nijmengen, NL) — (Feucht, GER): 573 km (truck Euro 6) — (Bayreuth, 
GER): 73 km (truck). The following transportation settings for PP were calculated from: 
production facility — distribution center — final target: (Frankfurt, GER) — (Bayreuth, 
GER): 280 km (truck Euro 6) — (Bayreuth, GER): 4 km (truck Euro 6). 
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Fig. 3. LCA process flow for circular production of extrusion-based AM 


Materials and Process. The data for the packaging of the primary materials was taken 
from ecoinvent 3.1 and it was assumed that the packaging was disposed of in the general 
household waste. For pre-processing, PLA was conditioned for 24 h and 60 °C in an 
oven. For pre-treatment, the print bed was cleaned with 2 mL petroleum based cleaner 
(Pcleaner 298 from PPprint. Due to the energy consumption (<0.001 kWh), the slicing 
process was not added to the calculation. The rubber mat was cleaned with 2 mL of 
cleaning gasoline. To remove the PP support structure, the specimen were placed in a 
drying oven at 110 °C for 6 h. The removal of the PVA support was realized by placing 
the impeller in a covered water bath (1 L) for 24 h. 


Recycling. Before and after the shredding process, the material was weighed and the 
difference documented as the amount lost and added to disposal. The lab recycling 
focuses on performance, rather than resource efficiency. This results in more process 
steps per functional unit, less material and energy efficiency. The industrial recycling 
follows an economical focus with large-sized machinery. Therefore, the material effi- 
ciency is higher and less energy per functional unit is needed. Industrial recycling is 
composed of an assumed 5% material loss and energy consumption of 1 kWh/kg [27]. 
Multiple extrusion cycles, re-granulation and cleaning were neglected. 


Deposition. All loss and waste materials were declared as general household waste. 
The water-soluble polymer solution was also counted among them due to its disposal in 
canisters. The disposal scenario included the packaging, cleaning, and material losses. 
Waste disposal was performed by transporting waste from University of Bayreuth to 
Schwandorf (108 km) with a vehicle (truck Euro 6) is assumed. 
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4 Results and Discussion 


Without focusing on performance or process-influencing properties, all filaments were 
suitable for reproduction. In order to the guidelines of Life Cycle Interpretation acc. 
Haunschild et al. [28], it is attempted to identify the significant issues, evaluate the 
completeness, sensitivity, and consistency and deliver limitations and recommendations 
of the investigated product and process. All processes including pre-treatment, part 
fabrication, and post-treatment contain no significant differences in consideration of 
the same functional unit with the same polymer. These processes can be considered as 
the most resource-demanding processes and therefore have got the biggest impact on 
the life cycle. In terms of the PLA cuboid, the extra conditioning of the PLA flakes 
before the extrusion process and the actual recycling process in form of shredding and 
extruding surpass (transportation and distribution) the virgin production in all three 
impact factors (see Fig. 4). As a reference, the linear production was calculated to 
148 mPt. The recycling of the PLA cuboid in laboratory (205 mPt) and industrial scale 
(165 mPt) led to an increase of 37.8% respectively 11.4%. A second LCIA method 
(Impact 2002 +) confirms the result with a magnitude of 0.344 mPt of the primary 
process in respect to the 0.395 mPt resp. 0.350 mPt. Due to the absence of the energy- 
demanding conditioning process and the significantly increased resource efficiency of 
the simulated industrial scaling an improved impact behaviour of recycled PP with the 
cuboid specimen could be shown (see Fig. 5). Furthermore, the additional granulating 
and extrusion process, due to the lack of reprinting qualities at laboratory scale were 
neglected at the LCA execution at industrial scale. 
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Fig. 4. a) Impact scores and indicators for Recipe Endpoint H (grey) and Impact 2002 + (blue); 
PLA cuboid; b) total impact scores. 


This is quantified through the lowest impact score of industrial recycled PP (110 mPt) 
in comparison to linear PP (115 mPt/ + 4.32%) and lab recycled PP (133 mPt/ + 21.5%). 
The Impact 2002 + LCA pointed out a similar tendency with 0.231 mPt for linear and 
industrial recycled PP and 0.273 mPt for lab recycled PP (see Fig. 5). 
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Fig. 5. a) PP Impact scores and indicators for Recipe Endpoint H (grey) and Impact 2002 + 
(blue); PP cuboid; b) total impact scores. 


Despite the higher impact (PLA: 2,429 mPt; PP: 947.6 mPt) of the lab recycling, 
with industrial recycling, the impact of the PLA impeller linearly produced (2,171 mPt) 
can be reduced by 30.6% to 1,506 mPt and the virgin PP impeller (879.5 mPt) by 26.6% 
to 645.5 mPt. The calculation with Impact 2002 + for the linear/lab recycled/industrial 
recycled impeller yielded in similar results for PLA: 6.2 mPt/6.9 mPt/3.2 mPt and for 
PP: 1.8 mPt/1.6 mPt/1.1 mPt (see Fig. 6). 
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Fig. 6. Comparison of LCIA impact scores for PLA (left columns) and PP (right columns) 


5 Conclusion 


The results show a tendency of the environmental potential of recycling in consider- 
ation of extrusion-based production applications regarding human health, ecosystems, 
and resources. This potential can mainly be exploited if the recycling process is exe- 
cuted at industrial scale esp. with PP. The scaling approach shall elucidate the improved 
process efficiency regarding materials and energy. Furthermore, the LCA showed that 
the environmental impact of the petroleum-based PP is significantly lower than with 
PLA. These differences mainly result from the raw material extraction, energy demands 
between the varying processes and the waste generation. Furthermore, the recycling of 


676 C. Bay et al. 


PP and PP support filament led to a waste decrease of approx. 50% regarding the PP 
impeller. The simulated scaling also showed the decrease of single processes. In gen- 
eral, a scaling of the components mass- and complexity-wise showed the potential of 
resource-optimized industrial recycling in respect of energy and waste reduction. The 
industrial recycling demonstrated the sensitivity in energy and waste aspects for the 
investigated pre- and post-processes. Otherwise, sorting and collecting as well as trans- 
portation and distribution process of the virgin material are considered to change the 
results. 


References 


1. Schmitt, P., et al.: Additive Manufacturing research landscape: A literature review. In: 
Proceedings of the Design Society ICED21. Gotheburg, Sweden (2021) 

2. Tofail, S.A.M., et al.: Additive manufacturing: scientific and technological challenges, market 
uptake and opportunities. Mater. Today 21(1), 22-37 (2018) 

3. Gebler, M., et al.: A global sustainability perspective on 3D printing technologies. Energy 
Policy 74, 158-167 (2014) 

4. Diaz, N., et al.: Machine tool design and operation strategies for Green Manufacturing. In: 
Proceedings of 4th CIRP International Conference on High Performance Cutting (2010) 

5. Kohtala, C.: Addressing sustainability in research on distributed production: an integrated 
literature review. J. Clean. Prod. 106, 654—668 (2015) 

6. Plastics Europe: Plastics-the Facts 2021; https://plasticseurope.org/wp-content/uploads/ 
2021/12/Plastics-the-Facts-2021-web-final.pdf (2021) 

7. European Parliament, https://www.europarl.europa.eu/resources/library/images/20210727P 
HT09210/20210727PHT09210_original.jpg last accessed 2022/05/09 

8. Wang, M., et al.: A scientometric review of resource recycling industry. International Journal 
of Environmental Research and Public Health 16(23) (2019) 

9. Kazemi, M., et al.: State of the art in recycling waste thermoplastics and thermosets and the 
applications in construction. (2021) 

10. Hopewell, J., et al.: Plastics recycling: challenges and opportunities. Philosophical Transac- 
tions of the Royal Society B: Biological Sciences 364(1526) (2009) 

11. Lanzotti, A., et al.: A comparison between mechanical properties of specimens 3D printed with 
virgin and recycled PLA. In: Proceedings of 12th Confercence on Intelligent Computation in 
Manufacturing Engineering (CIRP12). Gulf of Naples, Italy (2018) 

12. Tanney, D., et al.: Investigating material degradation thorugh the recycling of PLA in addi- 
tively manufactured parts. In: Proceedings of the 28'2 Annual International Solid Freeform 
Fabrication Symposium (SFF2017). Austin, USA (2017) 

13. Spoerk, M., et al.: Mechanical recyclability of Polypropylene composites produced by 
material extrusion-based Additive Manufacturing. Polymers 11(8), 1318 (2019) 

14. Vidakis, N., et al.: Sustainable Additive Manufacturing: Mechanical response of Polypropy- 
lene over multiple recycling processes. Sustainability 13(1), 159 (2020) 

15. Huang, S.H., et al.: Additive Manufacturing and its societal impact: a literature review. The 
International Journal of Advanced Manufacturing Technology 67, 1191-1203 (2013) 

16. Garcia, F.L., Moris, V.A.S.: Environmental performance of additive manufacturing process — 
an overview. Rapid Prototyping Journal 24(7), 1355-1177 (2018) 

17. ISO 14040: Environmental management — Life cycle assessment — Principles and framework 
(ISO 14040:2006 + Amd 1:2020) 

18. Curran, M.A.: Life Cycle Assessment: a review of the methodology and its application to 
sustainability. Curr. Opin. Chem. Eng. 2(3), 273-277 (2013) 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


Environmental Assessment of Recycled Petroleum 677 


Saade, M.R.M. et al.: How has LCA been applied to 3D printing? A systematic literature 
review and recommendations for future studies. Journal of Cleaner Production (244) (2020) 
Ribeiro, I., Matos, F., et al.: Good Framework for Life Cycle sustainability assessment of 
Additive Manufacturing. Sustainability 12(3), 929 (2020) 

Baumers, M., et al.: Transparency Built-in. Energy consumption and cost estimation for 
Additive Manufacturing. Journal of Industrial Ecology 17(3):418—431 (2012) 

Bours, J., et al.: Addressing hazardous implications of Additive Manufacturing: Comple- 
menting Life Cycle Assessment with a framework for evaluating direct human health and 
environmental impacts. Journal of Industrial Ecology 21(1) (2017 

Böckin, D., Tilman, A.-M.: Environmental assessment of additive manufacturing in the 
automotive industry. J. Clean. Prod. 226, 977-987 (2019) 

Faludi, J.: Comparing environmental impacts of Additive Manufacturing vs. traditional 
machining via Life-Cycle Assessment. Rapid Prototyping J. 21(1), 14-33 (2015) 

ASTM F1980-21: Standard Guide for Accelerated Aging of Sterile Barrier Systems and 
Medical Devices; (ASTM F1980-21:2021) 

Bare, J.C., Hofstetter, P., Pennington, D.W. et al.: Midpoints versus endpoints: the sacrifices 
and benefits. Int. J. LCA 5, 319-326 (2000). https://doi.org/10.1007/BF02978665 

Cerdas, F., et al.: Life cycle assessment of 3D printed products in a distributed manufacturing 
system: LCA-distributed manufacturing system. J. Ind. Ecol. 21(1), 80-93 (2017) 
Hauschild, M.Z., et al.: Life Cycle Assessment. Theory and Practice. Springer Nature, Cham, 
Switzerland (2017) 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 


The images or other third party material in this chapter are included in the chapter’s Creative 


Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Check for 
updates 


Screening Life Cycle Assessment 
of Thermoacoustic Panels from Agricultural 
Byproducts 


Rodrigo Salvador! ®©, Gabriela Aparecida Chapieski*, Leandro Inagaki Oshiro”, 
Eduardo Bittencourt Sydney*? ©, and Antonio Carlos de Francisco? © 


1 Department of Engineering Technology and Didactics, Technical University of Denmark 
(DTU), Lautrupvang 15, Building Ballerup/Room E2.12, 2750 Ballerup, Denmark 
rodsa@dtu.dk 
2 Universidade Tecnológica Federal Do Paraná (UTFPR), Ponta Grossa, Brazil 
3 Fungi Biotecnologia (Mush), Ponta Grossa, Brazil 
4 Sustainable Production Systems Laboratory (LESP), Ponta Grossa, Brazil 


Abstract. The objective of this study was to identify the main environmental 
impacts of thermoacoustic panels manufactured from agricultural byproducts and 
thereafter propose measures to improve the environmental performance of this 
product system. The life cycle assessment (LCA) technique was used to account 
for the environmental impacts in 10 impact categories. The environmental hotspots 
were the consumption of electricity at the manufacturing stage, and the use of 
wheat bran as main input. To improve the environmental performance of the sys- 
tem it was suggested the use of different feedstocks throughout the year, thus 
accounting for seasonality of agricultural byproducts. Another suggestion was to 
acquire more energy-efficient equipment, on their own or share the equipment 
with a partner, or acquire a specific energy mix from the local energy carrier or a 
third party. 


Keywords: LCA - Circular Economy - Circular Bioeconomy - Sustainable 
Manufacturing - Waste Valorization 


1 Introduction 


The increasing consumption of resources and generation of waste [1] have led society and 
companies to realize the need for a transition to the use of more renewable resources and 
more sustainable production systems. In that regard, products that are based on biomass 
and bioresources have shown to be a promising alternative [2], thus fomenting a circular 
bioeconomy [3]. The use of byproducts and wastes as substitutes of virgin material for 
the manufacturing of different products has been an alternative for boards and panels in 
the civil construction and decoration industries [4]. These products have been used with 
intents such as thermal [5] and acoustic insulation [4] and for decoration. Although they 
might have lower environmental impacts for being made from wastes, thus materials 
that might have been thrown away otherwise, these products still cause environmental 
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impacts. It is imperative that manufacturers get to know the environmental impacts of 
their products and try to make their product systems as least impacting as possible, as they 
also play a role in knowing and advising the kinds of impacts their products might cause. 
In that regard, one widely known technique used to guide environmental improvement 
is the Life Cycle Assessment (LCA). LCA is a technique that allows determining the 
potential environmental impacts of products (either goods or services/experiences) and 
the results of an LCA support an informed decision-making [6, 7]. 

In the existing literature it can be found studies assessing the environmental profiles of 
thermo-acoustic panels which main input is recycled material, such as from wastepaper 
and textile fibers [8] (1kg CO2-eq/kg of panel), recycled paper and other scrap materials 
(e.g., as wool and nonwoven polyester fabric) [4] (21.8 kg CO>-eq/m7), also bio-based 
materials, such as sheep-wool and hemp [9], and hemp alone [10] (—4.28 kg CO>-eq/m7). 
However, even less is found on the environmental performance of thermoacoustic panels 
based on bio-based waste, such as the study by Ricciardi et al. [5], assessing the thermal 
performance and climate change impacts of thermal performance of panels from recycled 
waste (cork scraps, rice husk, coffee chaff, and end-life granulated tires) (analysis of 
various compositions, e.g., 58% of Cork, 21% of Rice Husk and 21% of Coffee Chaff: 
2.2 kg CO2-eq/m?). 

Therefore, building on the need of a more comprehensive knowledge of the envi- 
ronmental impacts of thermos-acoustic panels from bio-based waste, this study aims to 
identify the main environmental impacts of thermoacoustic panels manufactured from 
agricultural byproducts and thereafter propose measures to improve the environmental 
performance of the product system. To that end, we use the LCA technique and assess 
the environmental impacts of the product system considering 10 impact categories: 
climate change, abiotic depletion, eutrophication, ozone layer depletion, acidification, 
freshwater ecotoxicity, human toxicity, marine ecotoxicity, terrestrial ecotoxicity, and 
photochemical oxidant formation. 


2 Methods 


An LCA study should follow well-established standards, determined by ISO 14040 [6] 
and ISO 14044 [7], and comprises 4 phases: objective and scope definition, life cycle 
inventory (LCI), life cycle impact assessment (LCIA), and interpretation. How we framed 
the study within these phases and their implications to the product system analyzed in 
this study are presented hereafter. 


2.1 Objective and Scope Definition, and Choice of LCIA Methods and Categories 


A screening LCA study was conducted assessing the opportunities for improving the 
environmental performance of a thermo-acoustic panel that can be used in the decoration 
and civil construction sectors. A screening, thus simplified, LCA study was conducted 
because of restrictions regarding data collection and disclosure of results, since the prod- 
uct system assessed in this study is based on a patent-pending technology. The product 
is made by the growth of fungi using agricultural byproducts as main feedstock. The 
objective of this LCA study was to determine the environmental impacts of the product 
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system thermo-acoustic panel, from a cradle-to-gate perspective, i.e., considering from 
the extraction of raw materials from nature up to the moment the product is ready to 
leave the manufacturing facilities. A simplified representation of the system boundaries 
of this study can be seen in Fig. 1. 
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Ecoinvent 3.7.1) liquid medium + (energy + f 

agricultural waste) storage) ! 

1 
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composting, thermal insulation, 
agriculture) sound insulation) 


Fig. 1. Simplified system boundaries - Organization Z’s thermo-acoustic panels. 


The system under which Organization Z works enables a certain degree of circularity, 
thus they also contribute to a circular economy or circular bioeconomy in this case. It 
starts with the use of plant waste, especially agricultural byproducts as feedstock to the 
thermo-acoustic panel. 

Within the manufacturing facilities, the “core processes” comprise the production 
of a liquid medium, a solid medium, and a third process (here called final mix) where 
the mycelium (which is the fungus) and a few other inputs along with the liquid and 
solid mediums are added to the main feedstock (which is the agricultural byproduct). 
Thereafter, the mix is enclosed in molds for the mycelium to grow. 

The mycelium grows up to a certain point and then it is inactivated by a thermal 
treatment. At this point, the final product (thermal-acoustic panel in the desired size 
and shape, according to the molds used) is obtained. The panel can have a range of 
practical uses, which is left at the end user’s discretion. At the end-of-life, the panels are 
compostable, which can be done either at home (e.g., in a garden or as feed for flowers 
even in small vases) or in any other earth-environment. As they do not make use of any 
toxic chemicals, it is safe to be used as an input for agro-systems, which wastes can then 
be once again used as feedstock to produce new panels. 

Regarding the functional unit (FU) for this study, as the product can be used with 
different intents, it was chosen to establish a declared unit (DU) rather than an FU in this 
study. The DU used in this study was 1kg of thermo-acoustic panel ready for distribution. 
For that reason, the reference flow chosen was 1kg of thermo-acoustic panel. 

Moreover, using as benchmark another study of a similar product, a cork agglomerate 
panel [11], which has a function like that of the panel analyzed in this study, a few 
impact categories were chosen to be assessed. The categories used were the same as 
the benchmark study, since no standardization of LCA studies for this of product are 
found. Recommendations on the methods to be used to assess each impact category were 
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obtained from the international EPD® system [12]. The categories and the respective 
methods used to calculate the impacts are shown in Table 1. Ten impact categories were 
assessed at midpoint level (i.e., immediate impacts). 


Table 1. Impact categories and the respective impact assessment methods. 


Life Cycle Impact Assessment Method | Impact Category (Midpoint) Unit 

IPCC 2013 Climate Change kg CO2-Eq 
CML-IA baseline Abiotic Depletion kg Sb-Eq 
CML-IA baseline Eutrophication kg PO4--- Eq 
CML-IA baseline Ozone Layer Depletion kg CFC-11-Eq 
CML-IA non-baseline Acidification kg SO2-Eq 
ReCiPe Midpoint (H) Freshwater Ecotoxicity kg 1,4-DCB-Eq 
ReCiPe Midpoint (H) Human Toxicity kg 1,4-DCB-Eq 
ReCiPe Midpoint (H) Marine Ecotoxicity kg 1,4-DCB-Eq 
ReCiPe Midpoint (H) Terrestrial Ecotoxicity kg 1,4-DCB-Eq 
ReCiPe Midpoint (H) Photochemical Oxidant Formation | kg NMVOC 


These midpoint categories provide the immediate impacts of the system. For the 
interpretation, the hotspots served as starting points for the proposal of improvement 
measures. Therefore, in line with the company representatives two main improvement 
measures were proposed (Sect. 4). 


2.2 Life Cycle Inventory 


The LCI was built from specific (primary, measured), selected generic (direct match 
data from well-established/renowned databases), and proxy (adjusted/close proximity 
data from well-established/renowned databases, and data based on assumptions) data. 
Specific data was used in LCIs of the core processes (solid and liquid medium, and final 
mix), selected generic data and proxy data was used to model the upstream processes. To 
model upstream processes, a commercial license of Ecoinvent v.3.7.1 was used, together 
with the database Agribalyse 3.0.1. 

Core processes included the activities necessary to produce the thermo-acoustic 
panel within the manufacturing gates. Upstream processes included the production of 
all input materials from “cradle” (i.e., since the moment the resources are extracted from 
nature) up to the moment the materials/products arrive at the manufacturing facilities. 
At the manufacturing facilities, inputs are used to produce a liquid medium, a solid 
medium, and a final process that includes both mediums mentioned and a few other 
inputs. Further information showing the specific processes and materials included within 
the system boundaries are not provided for trade secret reasons. Organization Z has a 
patent-pending technology, hence, the specifics of their processes cannot be disclosed. 
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3 Life Cycle Impacts of Thermoacoustic Panels from Agricultural 
Byproducts 


The environmental performance of the system under study, according to the 10 impact 
categories assessed, is summarized in Table 2 and Fig. 2. 


Table 2. Results of LCA of the thermo-acoustic panel. 


Method Impact Category (Midpoint) Unit Result 
(1kg of panel) 
CML-IA non-baseline | Acidification kg SO2-Eq 6.88E-03 
IPCC 2013 Climate Change (biogenic) kg CO2-Eq 8.88E-01 
Climate Change (fossil) kg CO2-Eq 6.47E-01 
Climate Change (CO) uptake) kg CO2-Eq —7.53E-01 
Climate Change (land use change) | kg CO2-Eq 1.58E-01 
CML-IA baseline Abiotic Depletion kg Sb-Eq 2.17E-05 
Eutrophication kg PO4-Eq 4.01E-03 
Ozone layer depletion kg CFC-11-Eq | 3.43E-08 
ReCiPe Midpoint (H) | Freshwater Ecotoxicity kg 1,4-DCB-Eq | 1.47E-01 
Human Toxicity kg 1,4-DCB-Eq | 3.86E-01 
Marine Ecotoxicity kg 1,4-DCB-Eq | 1.25E-01 
Photochemical Oxidant Formation | kg NMVOC 3.09E-03 
Terrestrial Ecotoxicity kg 1,4-DCB-Eq | 3.12E-04 
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Fig. 2. Life cycle impact assessment for thermo-acoustic panel. 


The greatest hotspot, contributing the most to the total impacts is electricity. This 
behavior is noted across almost all impact categories, where it contributed to more than 
80% of total impacts. Besides the electricity that is consumed in the final mix, the second 
hotspot is the solid medium, where once again electricity is the main contributor to total 
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impacts, followed by the use of wheat bran and waste wood. This behavior can be 
observed in all impact categories, except for eutrophication and terrestrial ecotoxicity. 

For the category eutrophication, the hotspot is the solid medium, where the main 
contributor is the use of waste wood. Only the second hotspot in this category is the use 
of electricity in the final mix. For terrestrial ecotoxicity, the solid medium also accounts 
for the main hotspot, but the main contributor in this case is the use of wheat bran, and 
once again, only the second hotspot is the use of electricity in the final mix. 


4 Recommendations and Conclusions of the Study 


The objective of this LCA was to define the environmental profile of the impacts of 
the product system thermo-acoustic panel and suggest measures that could lower the 
environmental impacts of the system. A few improvement measures can be drawn from 
those results and suggested to Organization Z, based on the hotspots found during the 
LCIA phase. 

The main hotspots for the product system assessed in this LCA were the use of 
electricity, and the solid medium. In the solid medium, the components which contributed 
the most to environmental impacts of the system were the consumption of electricity 
and the use of wheat bran. 

Overall, it is observed that solely reducing the consumption of electricity at the 
final stage of the production of the panels can contribute to reducing the environmental 
impacts of the system to a large extent. It is noted that scaling-up the production and using 
less energy-intensive equipment, or sharing equipment/facilities at this stage, might be 
able to reduce the net energy consumption and lower the need for energy per product 
unit. 

Itis suggested that the company investigate the possibility of replacing the equipment 
used in the manufacturing facilities aiming at greater energy efficiency, and/or replacing 
the energy source used to power these pieces of equipment in order to reduce the envi- 
ronmental impacts. Another alternative would be to partner with another organization 
in order to either share more energy-efficient equipment or establish collaboration to 
produce their energy from a cleaner source, with lower environmental impacts. Lastly, 
the company could also buy a specific mix from the energy carrier or a third party. On 
top of that, it was also suggested the use of different feedstock throughout the year, thus 
accounting for seasonality of agricultural byproducts, to investigate the environmental 
impacts (but also impacts on technical quality and market implications) of different 
byproducts in the production of the thermoacoustic panel. 
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Abstract. The steel processing industry must increasingly question itself with 
regard to environmental aspects, especially for automobile production. As a con- 
sequence of the resulting lightweight construction requirements in the automo- 
tive sector, manufacturing processes of industrial relevance must deal with high- 
strength steels. In case of fine blanking, the process faces its limits already when 
processing medium-high tensile strength steels because of high tool wear or fail- 
ure. A promising approach to overcome these process limits is the introduction of 
heat into the processed metal sheet in order to lower the flow stress of the steel. 
In order to estimate the sustainability of a fine blanking process with inductively 
heated sheets, the energy input during heating is investigated in this work. An 
energy balance is drawn for fine blanking of inductively heated sheets. A further 
component of the work is the subsequent use phase of the components produced in 
this way. A consideration of the greenhouse gas emissions savings potential by fine 
blanking in the German automotive production shows possible future perspectives 
for manufacturing. It could be found that by substituting standard fine blanking 
process by inductively heated fine blanking of higher strength steels greenhouse 
gas emissions can be decreased. 


Keywords: Fine Blanking - Lightweight Design - Greenhouse gas emissions 


1 Initial Situation and Motivation 


The industrial sector generates the second largest share of emissions in Germany. A large 
and in recent years increasing part of the industrial share comes from the iron, steel and 
non-ferrous metals industry. The third largest share of emissions is accounted for by the 
transport sector, by far the largest part of which coming from road traffic [1]. In this 
context, the steel processing industry must increasingly question itself with regard to 
environmental aspects, especially for automobile production. As a consequence of the 
resulting lightweight construction requirements in the automotive sector, manufacturing 
processes of industrial relevance must deal with high-strength steels. In case of fine 
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blanking, which is a central high-productivity manufacturing technology for many parts 
especially in automobile production, the process faces its limits already when processing 
medium-high tensile strength steels because of high tool wear or failure. [2] A promising 
approach to overcome these process limits and to enable fine blanking of high-strength 
steels is the introduction of heat into the processed metal sheet in order to lower the 
steel’s flow stress. An innovative and economically efficient heating approach is the use of 
inductive heating. [3] In order to estimate the sustainability of a fine blanking process with 
inductively heated sheets, the energy input during heating is investigated in this work. 
As a further consequence of heat introduction beyond lightweight construction gains, 
a reduction of die roll is to be expected. [4] This implies the possibility to gain further 
energetic saving opportunities and better material utilization by means of diminution 
or elimination of downstream manufacturing processes. The focus of the work is on 
the ecological and energetic consideration of the production process of fine blanked 
components and the comparison of the conventional fine blanking with fine blanking 
of inductively heated sheet metal. A further component of the work is the subsequent 
use phase of the components produced in this way. One of the greatest potentials of 
the technology of fine blanking of inductively heated materials can be found in the 
production of highly stressed automotive components. Important for CO2 emissions 
per kilometer in the case of internal combustion engines and battery-electric vehicles, 
the moving mass is particularly important. By using higher-strength steels, automotive 
components can thus benefit from reduced weight, as their volume can be reduced while 
retaining virtually the same density. [1] An outlook on the influence of induction heating 
on the energetic influences of wear at fine blanking tools and product life cycle shows 
possible future perspectives. 

The main feature of fine blanking as a separating manufacturing process is the excel- 
lent quality of the cut surface, which allows installation without further finishing steps, 
such as deburring. As a result, it is used primarily in the production of components with 
high functional integrity. In particular, the production of functional and safety compo- 
nents in the household appliance industry and in the textile, automotive, medical and 
electrical sectors, but also in the aerospace or precision engineering industries, is realized 
using the manufacturing technology of fine blanking. [5]. 

Previous work has shown that an increase in process temperature and the resulting 
reduction in the required cutting force offers new possibilities for the economic fine 
blanking of higher-strength steels, such as S700MC, as these cannot currently be fine 
blanked in a process-safe manner. The technology considered in this work represents the 
coupling of conventional fine blanking with sheet heating by means of electromagnetic 
induction. 


2 Automotive Component Manufacturing Phase 


In order to assess the process energy difference between fine blanking with and with- 
out heating of the metal sheet, the forces required to produce exemplary fine blanked 
automotive components were calculated. The forces without heating and the forces with 
heating were calculated for the case hardening steel 16 MnCr5 [material number 1.7131, 
Rm = 605 MPa], for the microalloyed fine-grain steel S7OOMC [material number 1.8974, 
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Rm = 850 MPa] and for the complex phase steel HDT760C [material number 1.0998, 
Rm = 760 MPa] and for two different components (a brake carrier plate with a sheet 
thickness of s = 5.5mm and a safety belt latch with a sheet thickness of s = 2.5mm. 
The steels have been chosen in order to demonstrate increasing lightweight construction 
potential. The choice of these parts was made because both are usually fine blanked parts 
which are highly safety relevant and present in every automobile regardless of the drive. 
Both components are depicted in Fig. 1. 


Brake Carrier Plate Safety Belt Latch 


Fig. 1. Brake carrier plate and safety belt latch, symbol images. Source: feintool.com 


The essential force for the fineblanking process is the cutting force Fc which was 
determined using the formula 


Fo=lIce-Rm-s-c (1) 


in which /c is the length of the cutting line, Rm is the yield strengts of the material, s 
is the sheet thickness and c is a factor describing, in combination with Rm, the cutting 
resistance and lies around c ~ 0.9 [5]. The length of the cutting line was determined to 
be Ic = 462.2 mm for the brake carrier pad and lc = 419.8 mm for the safety belt latch. 
The thusly determined cutting forces are given in Table 1. 


Table 1. Cutting Forces for different steels and parts 


Material Brake Carrier Plate | Safety Belt Latch 


16MnCr5 |: 1,384.09 kN 571.44 kN 
S700MC 1,944.59 KN 802.84 kN 
HDT760C | 1,738.69 kN 717.84 KN 


The process forces in fine blanking of steel can be reduced by heating the metal 
sheet [4]. To compare the force values with the force values after inductive heating of 
the sheet, a temperature factor was used to adjust the yield strength of the materials. The 
yield strength after heating is calculated using the formula 


Rm.T = ae (1 ae Kr- 10°. (T — 100)) 2) 
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using a factor Kr = 1.2 for S700MC and Kr = 1.7 for 16MnCr5 and HDT760C. The 
factor Kr is material dependent and calculated differently for different types of steel, so 
that steels of similar microstructure show the same values according to RENNERT [6]. 
The cutting forces resulting from this temperature correction are given in Table 2. 


Table 2. Cutting Forces for different steels and parts dependent on metal sheet temperature 


With heating Difference 
Material Brake Carrier Plate | Safety Belt Latch | Brake Carrier Plate | Safety Belt Latch 
16MnCr5_ | 442.91 kN 182.86 kN 941.18 KN 388.58 kN 
S700MC_ | 777.84 kN 321.14 kN 1,166.75 kN 481.7 KN 
HDT760C | 556.37 kN 229.71 kN 1,182.75 kN 488.13 kN 


In order to draw a conclusion on the energy balance, the mechanical energy and the 
thermal energy used by both processes were then calculated. The amount of heat Q can 
be calculated as follows: 

Q=p-A-s-c- AT (3) 
in which p is the density, A the surface area and s the sheet thickness of the part, c is the 
specific heat capacity and AT the temperature difference obtained when heating. The 
cutting work can be calculated with the following formula: 

We = Fe-he-k (4) 
in which Fc is calculated using formula (1) and hc as the cutting height and k as a 
correction factor for increasing and decreasing of the cutting force during the stroke. It 
is assumed that a heating to not more than 500 °C is sufficient to lower the flow stress of 
the steels but not so high as to initiate undesired changings in the metal crystal lattice. 
The dependency of metal sheet temperature and fine blanking process forces have been 


investigated before for different steels [4]. The results of the calculations are given in 
Table 3. 


Table 3. Cutting Forces for different steels and parts dependent on metal sheet temperature 


Material | Amount of heat inserted to the process | Saved cutting work due to reduced flow 
Q/J stress after heating Wc/J 
Brake Carrier Plate | Safety Belt Latch | Brake Carrier Plate | Safety Belt Latch 
16MnCr5 48,867.12 (100%) | 9,791.63 (100%) | 1,552.95 (100%) 291.44 (100%) 
S700MC 52,760.16 (108%) | 10,574.11 (108%) | 1,925.14 (124%) 361.28 (124%) 
HDT760C | 57,577.39 (118%) | 11,539.57 (118%) | 1,950.81 (126%) 366.1 (126%) 
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It can be seen in Table 3 that the energy required to heat the workpiece is significantly 
higher than the energy reduced by heating during actual cutting. A break-even point does 
not exist, as itis always necessary to put more energy into the process by heating than to 
gain by to flow stress reduction due to inevitable thermal losses. As one Joule accounts 
for 1 - 10~®kWh, and the production of this amount of 1kWh of electrical energy emits 
420gco, /kWh [7], each Joule of electrical energy stands for a CO2 emission of 420g. 
Thus, a brake carrier plate manufactured of S700MC steel with heating would mean an 
extra CO2 emission of 21.35g in comparison to 16MnCr5 without heating and a safety 
belt latch would mean an extra CO, emission of 4.29g. This means that the advantage 
of induction heating in fine blanking is not to reduce the cutting forces and thus save 
energy, but rather to extend the possibilities of fine blanking to higher strength steels so 
that qualities can be achieved in these steels that would not be possible at all without 
the heating. The higher-strength steels make it possible to produce thinner components 
that weigh less than conventional ones. The effects of this weight saving on the energy 
throughput in the use phase and the associated impact on the environment are analyzed 
in the following section. 


3 Use Phase of Automotive Components 


In order to assess the use phase of fine blanked components in automobiles, the 
lightweight construction ratios according to FRIEDRICH [8] were calculated according 
to the following relation: 


< 1: mass reduction 
K tat, Material2 ; 
Vstat,Material2/Materiall = = į = 1 : mass unchanged (5) 


K tat, Material . : 
> ] : mass increase 


In which Kstat is the static strength indicator [g- mm? / (cm? -N )] for a given material. 
This procedure allows to compare the physical properties of different materials and 
to draw conclusions about their according lightweight design potential. Kstat can be 
determined as 


Kaa = 3 ~™ 6) 

The static strength indicator was inserted into formula (5) in order to compare 
the higher strength steels S7OOMC and HDT760C with 16MnCr5 via their respective 
leightweight construction ratio Vstat, which amounts to Vstat = 0.72 for S7OOMC and to 
Vstat = 0.81 for HDT760C. 

A weight reduction by substituting the reference material is possible if the lightweight 
construction ratio is less than 1. This is the case for the load case of the static strength 
(tension/compression) Vstat. As the lightweight construction ratio Vstat is directly pro- 
portional to the component mass m, it is deduced that an initial estimate for the expected 
mass of the component with the new material can be determined from the light-weight 
ratio: 

MMaterial2 


Vet, Material2/Materiall * ————— (7) 
MMaterial 
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Thus, the expected weight of a component made of S700MC or HDT760C is approx. 

MS700MC = 72.0% - M16MnCr5 OF MHDT760C = 80.5% - ™16MnCr5- This corresponds 
to a relative weight reduction of —28.0% for components made of S700MC steel and — 
9.5% for components made of HDT760C steel, which can be seen in Fig. 2. 


+40.5 % +25.6 % -28.0 % -19.5 % 


1000 100 
m 00 %9 
Ë 800 80 3 
Z 700 7 g% 
~ 600 PE 
x a 5 fs] 
= 500 5 g $ 
= 400 nss 
È 300 2 
2 30 $ = 
E G 
pe 2 


Rn m/M6yncrs 
16MnCr5 BS700MC BHDT760C 


Fig. 2. Comparison of yield strengths and results of the weight reduction analysis 


Furthermore, it can be stated that an increase in the strength of a component by 
means of substitution with another material does not completely result in a reduction of 
the component weight. The relative mass ratios calculated in this section are lower than 
the relative ratios of strength values. Nevertheless, Fig. 2 shows a significant potential 
of decreasing a component’s mass if produced of higher strength steel. 

These findings were used to make a rough calculation to determine the specific 
weight that can be saved if all fine blanked parts in a passenger car are made from 
higher-strength materials. It is assumed that the starting material of these components 
is the case hardening steel 16MnCr5 and the substitute material is the fine-grained steel 
S700MC or the complex-phase steel HDT760C. Subsequently, the ecological effects of 
this measure will be discussed, focusing in particular on the CO2 impact. 

In any passenger car are up to 200 components which are produced by fine blanking. 
Since these parts have geometries and masses that vary greatly in some cases due to their 
different requirements and tasks, the total mass of all fine blanked parts is estimated 
below. Within the scope of this work, two components were determined which represent 
the respective upper and lower end of the component individual masses. The weight of 
each of the two components was determined to be m = 0.060kg for the safety belt latch 
and m = 0.230kg for the brake carrier plate. 

This gives a range for the total weight of all fine blanked parts in an assumed 
passenger car Of MgesFB,16Mncrs = 200 - 0.060...0.230kg = 12...46kg. Based 
on the previous results, the total weight can be reduced to Mges,FB,S700MC = 
72.002% - Mges,FB,16MnCr5 = 8.640... 33.121kg and Mges,FB,HDT760C = 80.523% - 
Mges,FB,16MnCr5 = 9.663 . . . 37.041kg, respectively, if the material 16MnCr5 is replaced 
by the higher-strength materials S7OOMC and HDT760C. In other words, the weight is 
reduced by Ams700MC = 3.36... 12.879kg or Ampypt760C = 2.337 2. 8.959kg. 

According to data of the German Federal Motor Transport Authority (Kraftfahrt- 
Bundesamt, KBA), the average unladen weight of a newly registered passenger car in 
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Germany is Mges = 1551.7kg [9]. Thus, the weight reduction related to the unladen 
weight when 16MnCr5 accounts to (Ams700MC)/Mges = 0.217...0.83% if substituted 
by S700MC and to (Amypr760c)/Mges = 0.151...0.577% if substituted by HDT760C. 
Assuming that the CO emission of a passenger car correlates directly with the vehicle 
mass moved, this means in the most optimistic case that the pollutant load from CO2 
decreases by 0.83%. Using a calculation based on data from the German Federal Motor 
Transport Authority and the percentage calculated above, the amount of CO2 that can 
be saved by using of higher-strength materials is determined. In each case, the latest 
relevant statistics are used as a basis. Accordingly, an average new car has CO, emissions 
of 139.8gCO2/km (as of 2020 [10]). With an average lifetime of 9.8 years (as of 2021 
[11]) and an average mileage of 13,602 km/year (as of 2019 [12]), a total mass of CO2 
of mcoz2,single = 1, 901.57kgCO, is emitted into the atmosphere over the lifetime of a 
passenger car in average. Consequently, by reducing the vehicle weight, a mass of CO2 
of Amco2,single = 9.83% -mco2 = 15.783kgCO, can be saved. This surpasses the extra 
CO, emission in the manufacturing phase of 4.27kgCO, for the assumed total mass by 
the factor 3.7. In relation to the total number of currently registered passenger cars in 
Germany (48.2 million in 2021 [13]), the calculated CO2 masses scale to mco2,ges = 
91, 275 - 10°tCO2 orAmco2,ges = 757.584tCO2. 


4 Conclusion and Outlook 


In the work tackled by this paper, the production phase of two example components from 
a passenger car was investigated, and the effect of inductive sheet metal heating on the 
cutting work required compared with the energy required for heat input was calculated. In 
a further section, key figures for lightweight construction were determined with regard 
to the use of fine blanked automotive components made from higher-strength steels. 
This involved calculating how increased material strength affects the achievable weight 
reduction and the associated reduced CO2 emissions. In summary, fine blanking with 
inductive sheet heating does not save any energy in the actual fine blanking process since 
the required heat input at the sheet temperature under consideration compensates for or 
even exceeds the difference in cutting work achieved. The advantage of the process lies 
in the possibility of manufacturing components from higher-strength materials in good 
quality in order, for example, to save weight or cut pollutant emissions in vehicles. How- 
ever, the greatest effect should come from the reduction in the amount of steel processed 
and the saving on heat treatments. Within the scope of the work, several assumptions 
were made regarding the component volume, density, and strength. Therefore, it is not 
meant to be an exact calculation, but a quantitative assessment of the environmental 
impact of the processes under consideration. Future approaches could integrate more 
aspects of lightweight construction, such as tension, pressure, thrust, buckling, bending 
stiffness, and precise further the balances of the fine blanking process. However, the 
biggest impact on CO2 emissions is not likely to come from a mass reduction in the 
use phase, but from a reduction in the amount of steel produced, as this is the most 
emission-intensive step in the process. This should be investigated further. 
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Abstract. The realization of smart-circular Product-Service Systems has theoret- 
ically promising advantages compared to traditional products. Nevertheless, the 
sustainability improvement, especially for the ecological dimension is not yet sat- 
isfactorily proved. In this paper, the authors examined the current state of research 
within a systematic literature review with a specific focus on the overlap of the top- 
ics: Life Cycle Assessment, Model-Based Systems Engineering, Product-Service 
Systems, and Circular Economy. The aim is to analyze the potential of a proactive 
quantification of the ecological impact in an early stage during the development 
of smart-circular PSS — the system architecture definition. As a result of the sys- 
tematic review, 27 relevant papers were identified and analyzed and the findings 
are presented in a structured way. The main finding is that the current state of 
the art in this research field still is in the conceptualization stage. In addition, a 
proactive approach is rare and circularity is not considered to its fullest. Quantified 
use cases do not draw the system boundaries Cradle-to-Cradle and not every of 
the 9R-strategies is considered. Furthermore, the potentials and challenges of the 
revealed research gap are summarized. 


Keywords: Circular Economy - Smart Product-Service Systems - Life Cycle 
Assessment - Model-Based Systems Engineering - System architectures 


1 Introduction 


To enable sustainable product and system development, the impact on the environment 
needs to be considered early on in a products life. Currently, the economic growth is 
not yet sufficiently decoupled from the environmentally damaging value creation [1— 
3]. This raises the continuous need for new solutions to allow for the realization of a 
Circular Economy (CE). One specific access to a green and digital transformation in 
industry is the establishment of smart-circular Product-Service Systems (PSS), which 
are defined by Alcayaga et al. as smart PSS that pursue sustainable business models, 
optimize the use of smart products, and reinforce CE through data-driven capabilities 
[4]. The increasing complexity of these systems demands cross-domain development 
and put forth the approach of Model-Based Systems Engineering (MBSE). MBSE can 
support integrating the life cycle and system thinking in the design of smart-circular PSS 
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[5] and integrate the standardized Life Cycle Assessment (LCA) to foster sustainability 
monitoring [6]. During the design of system architectures, an LCA database should be 
coupled with the system architecture [7, 8]. For the authors contains these Hardware, 
Software, Service incl. R-Strategies and the related infrastructure. 

First, this allows engineers to make proactive decisions by considering the potential 
future environmental impact directly in the engineering environment of the smart circular 
PSS in focus. Second, the environmental impact of different variants of domain-specific 
system architectures of smart-circular PSS, including the various R-strategies based on 
Potting et al. [9], can be compared. According to Blüher et al. [10] and Halstenberg et al. 
[5, 11, 12], the LCA quantification and the evidence for the improved sustainability of 
smart-circular PSS is a major challenge — not only during system architecture. There- 
fore, this paper focuses on answering the following research question with a systematic 
literature review (SLR): To what extent can MBSE be used for the early assessment of 
environmental sustainability of smart-circular PSS? 


2 Methodology of the Systematic Literature Review 


As the proposed concept of an integration of LCA in the system architecture definition 
phase of smart-circular PSS is not fully researched yet, this paper systematically analyzes 
the current scientific literature with a SLR [13]. It is focused on MBSE, PSS, CE and 
LCA. For the SLR, the databases Web of Science and Science Direct were used. Figure | 
shows an overview in a flowchart of the specific steps and results, such as the number 
of selected papers. 


1. Define research questions 2. Choose 3. Set Keywords 
To what extent can MBSE be literature Model-Based Systems Enoineenne 
used for the early assessment of databases Product Service Systems 
the enviommantal sustainability Sevence Drect and Cucular Economy, 
of amart-circular PSS? Web of Science Life Cycle Assessment 
5. 2 ly inclosion and exclusion criteri: 6. Perform review 
4. Merge results from different Apph a P J k 7. Synthesize | 
k a) Incluston — At least three topers a) 376 a | 
gatabasty b) Exclusion — Duplicates removed b) 327 — 
Total amount of papers: 3.489 298 x = a ga Shown in 
e ¢) Exclusion — Check manual keywords ©) 49 
Combination of two topics: 3.778 SpA 7 4 section 3 in 
- $ A d) Exclusion — Technical system considered d) 45 REA 
Combination of three topics’ 376 this paper 


€) Exclusion — Desi 3 = e)2? 


Fig. 1. Flowchart of the applied SLR-Methodology 


The 27 relevant publications are analyzed using the following criteria: 


— Technology Readiness Level (TRL): Maturity level of the addressed topics oriented to 
TRL according to the federal ministry for economic affairs and climate action. TRL 
1-3 categorized the basic research, 4—6 represent the applied research and 7—9 stands 
for implementation in the industrial environment [14]. 

— Point of time of quantification: A distinction is made between no, proactive and reac- 
tive quantification. Proactive ends after the Design phase and the reactive quantifi- 
cation starting with the production process planning phase e.g. Feedback-to-X or 
Software/Hardware updates while the usage phase. 
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— System boundaries: For quantification, it is necessary to define the system boundaries. 
Currently, the LCA method is based on the Cradle-to-Grave approach, which contains 
raw material mining, production, distribution, usage, and End-of-Life (EOL). Cradle- 
to-Use excludes the EOL. In addition, the information about the distribution between 
the value creation processes (VCP) is an impact factor on the LCA-results. 

— R-Strategies: According to Potting et al. [9] 9R-strategies should be considered, in 
order of priority: Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, 
Repurpose, Recycle and Recover. 


3 Results 


In Table 1, all relevant papers are depicted and evaluated with regards to the defined 
categories and corresponding characteristics. It shows, that only three papers addressed 
all four central topics, the remaining papers do not consider MBSE. The collection of 
papers was finished on February 14" 2022. 

On the basis of this overall examination, a more detailed analysis is executed. In Fig. 3 
the maturity level of the addressed topics oriented to TRL from 1-9 is represented. The 
TRL average of the 27 papers is three. Fifteen papers deal with it in basic research and 
six starts to transfer into applied research. Only eight papers obtained a TRL 4-5 because 
these quantified at least one-use cases. 

In Fig. 2 the number of quantified and not quantified papers are presented. As men- 
tioned, just eight out of 27 analyzed papers started to quantify use cases. For quan- 
tification, a distinction must be made between the five proactive and the four reactive 
approaches. One Paper from Kjaer et al. [27] described even one proactive and one 
reactive approach. But none of the eight papers combined the LCA with MBSE. 

As is seen in Table 1, no one quantified Cradle-to-Cradle and just four papers consider 
the distances and the mode of transport for the distribution between VCP. Furthermore, 
the entire steps from raw material mining to the reverse logistics for the realization of 
the R-strategies are not considered. The main chosen system boundaries are still the 
Cradle-to-Grave or even just the Cradle-to-Use. Based on Potting et al. [9] the number 
of addressed 9R-strategies in the 27 selected papers were classified in Fig. 4. None of 
the papers has seen Refuse as one of the possible R-strategy. 
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Table 1. Overview of the literature body 
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Fig. 3. Maturity level ot the addressed topcis oriented to TRL (X = TRL) and (Y = Number of 
papers) 
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Fig. 4. Number of addressed R-strategies in the 27 selected papers based on [9] (X = Number of 
papers) 


4 Discussion 


The main results of this paper are the visualizations of the research gap and the most 
relevant findings of the analyzed criteria. In addition, the identified potentials and chal- 
lenges of the research gap are summarized and a critical reflection, as well as research 
proposals, are described in the next sections. 


4.1 Potentials and Challenges of the Research Gap 


The potentials of an LCA in system architectures of smart-circular PSS are promising. 
Halstenberg et al. described, that engineers get access to sufficient life cycle data, with 
this the results of LCA can help identify hotspots and trade-offs. The MBSE method- 
ologies can be a successful indicator for the development of smart-circular PSS [12]. 
Furthermore, is often explained that an integrated tool with an automated connection 
to ecological databases should be implemented in a common working environment for 
engineers [11, 12, 23, 29, 33, 34]. 

Kjaer et al. clarified the importance of a pre quantification with scenario analyzes 
and sensitivity checks as well as a post quantification to determine the actual behavior 
of the system and check potential misalignments between expectations and reality [27]. 
Dokter et al. noted in comprehensive expert interviews that Digital Twin and Digital 
Product Pass are enable for the circular economy [15]. Scheepens et al. examined the 
relevance of an eco-friendly product to implement a sustainable business model [38]. 
Hauschild et al. presented a target-driven life cycle engineering method for reaching 
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absolute sustainability, which should support product designers to stay within the plan- 
etary boundaries during the development phase [23]. Further potentials are the early 
consideration of implementation of R-strategies in the design phase of products [5, 24, 
26, 31, 35] and consideration to implement PSS [29, 31, 33]. 

In addition to the potentials, there are also challenges for the achievement of the 
proposed solution. Watkins et al. describe, that a product designer needs additional 
skills for the development of sustainable products compared to traditional products. They 
have to be able to understand the sustainability and circular economy issues as well as 
require critical system thinking and PLC thinking [17]. Böckin et al. outlined that the 
R-frameworks are idealized descriptions without accounting for real-world conditions 
like combinations of measures, insufficiently exploited lifetimes, low collection rates, 
and losses in remanufacturing repair, and recycling [21]. Carlson et al. showed that 
there could be conflicting objectives between reducing costs and environmental impact, 
especially for Systems of Systems and the R-strategies are not yet considered for the 
assessment of LCA [22]. Scheepens et al. added the challenges of the identification of 
suitable use cases and the attention of regional conditions for the location of product 
operation [38]. 

However, further challenges to the development of smart-circular PSS are the 
product-specific definition of system boundaries [22, 37, 38], the definition of the func- 
tion unit [27, 37], calculation and reduction of the rebound effects [23, 27], the consider- 
ation of various ecological parameters [12, 27], cross-company collaboration across the 
entire VCP [15, 35], avoidance of burden-shifting [11, 34] as well as the unpredictable 
behavior of the customer/user for the willingness to collaborate [15, 35, 37]. 


5 Conclusion and Outlook 


The results of the SLR show, that the current state of research overall has a low TRL level, 
especially with regard to LCA as part of system architectures and the combination with 
MBSE. Next SLR should focus on the combination of two topics in this research field, 
with the aim to analyze more specific e.g. MBSE and LCA. So, the research question 
above still stands open. More effort is necessary, so that the development with MBSE 
and LCA can be a proactive approach, to facilitate environmental impacts can be reduced 
early on. Further research topics are the integration of lifecycle data, e.g. from Digital 
Twins, the methodical integration of MBSE and LCA as well as the integration of other 
key performance indicators in the context of circular economy. Additional the state of 
industry needs to be examined and the industrial demands collected to develop a user 
centered and application specific solution. Only then the industry will be able to develop 
and operate smart-circular PSS which has a significant lower environmental impact then 
traditional products. 
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Abstract. This paper introduces the work on dynamic life cycle assessment 
(LCA) and life cycle costing (LCC) carried out within the EU Horizon 2020 
project ECOFACT. The goal of the ECOFACT project is to develop a digital 
platform for manufacturing companies to optimize their production systems for 
energy, costs, resources and life cycle impacts. The platform will include a man- 
ufacturing decision-support-system based on dynamic LCA and LCC and it will 
be demonstrated in four factories that are members of the project consortium. 
Dynamic and automated LCA and LCC provides opportunities for new insights 
compared to conventional, static assessments. For example, temporal variations in 
the environmental impact can be made available on an hourly, daily, monthly and 
yearly basis. Moreover, once set up, LCA and LCC results can automatically be 
updated with the latest data, reducing efforts and costs related to data collection 
and reporting. In this paper, we briefly explain the ECOFACT approach to dynamic 
LCA and LCC and discuss preliminary learnings as well as future opportunities. 


Keywords: Life Cycle Assessment - Smart Manufacturing - Life Cycle 
Costing - Industry 4.0 - Sustainability 


1 Introduction 


Life Cycle Assessment (LCA) is a science-based and standardized method for assessing 
the environmental impacts of products and services used by companies as well as policy 
makers (LCANZ 2022; Nygren & Antikainen, 2010). Life Cycle Costing (LCC) is a 
method to compile all the costs associated with a product throughout its life-cycle ISO 
15686-5:2017). The combination of LCA with LCC can support decision making based 
on both environmental and economic factors (Stewart et al. 2018). 

The increasing focus on sustainability in business and policy drives a strong demand 
automated and large-scale solutions to LCA. The current practice of doing LCA often 
relies on static calculations based on average input data from a limited temporal scope 
(Sohn et al. 2020). The effort of updating the results for another time period can be 
considerable. Therefore, one way to accommodate the scale-up of LCA is to automate 
the data collection process. This can reduce the time needed, increase the reliability of 
the data, and ensure that comparable data is used every time. Moreover, automatic data 
collection allows for dynamic assessments, i.e. that the results can be updated frequently 
with new input data. Such a dynamic approach can help identify environmental impact 
patterns based on short-term variations in input data. Similarly, dynamic input data to 
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LCC calculations allow for cost impact results that vary over time, including for example 
fluctuations in material costs. 

This paper presents work carried out as part of the EU Horizon 2020 ‘ECO-innovative 
Energy FACTory Management’ (ECOFACT) project (ECOFACT 2021). The goal of the 
ECOFACT project is to develop a digital platform for manufacturing companies, which 
can use it to optimize their production systems in terms of energy, costs, resources, and 
life cycle impacts. A high-level visualization of the proposed platform is presented in 
Fig. 1. The project includes four manufacturing companies serving as demonstration 
cases. The demonstration cases cover the following types of production processes: beer 
brewing, cookies/biscuits baking, washing machine production, and car painting. 

The work presented in this paper relates to work package 4 (WP4), focusing on 
developing a dynamic LCA/LCC module. The ECOFACT platform allows data from the 
factories to be sent to the LCA/LCC module. For example, dynamic data can be collected 
about the energy consumption of factory processes, amounts of incoming materials used 
in the factory, and amounts of waste sent to waste treatment. The LCA/LCC module can 
then continuously and automatically generate updated environmental and cost impact 
results. The scope for the LCA is cradle to gate, i.e. including the production of upstream 
materials and components as well as the manufacturing process itself. For the LCC, costs 
borne by the manufacturing company are included (e.g., raw material costs, energy costs 
maintenance costs, waste management costs). In the LCA, the production of upstream 
materials and components are generally included using secondary datasets. However, a 
“supply chain collaboration service” is used in one of the demo cases to demonstrate 
how dynamic data from a supplier can be transferred and used. 

There are examples in previous literature of dynamic LCA and LCC applications 
based on variable manufacturing data (e.g., Cerdas et al. 2017, Andersson 2013, R6dger 
et al. 2020). However, most papers are based on simulations rather than real-time moni- 
toring, and to the best of the authors’ knowledge, there are no reports of previous projects 
in which an automated solution for dynamic LCA is implemented and tested at large- 
scale, fully-operational manufacturing sites. The goal of this paper is thus to introduce 
the ECOFACT approach to dynamic LCA and LCC and to extract preliminary learnings 
from the project so far. In order to present general learnings that are not tied to the use of 
specific software or service providers, we focus on the key steps of the approach rather 
than the detailed technical solution. 
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Fig. 1. High-level visualization of the ECOFACT platform and its different components 


2 The ECOFACT Approach to Dynamic LCA and LCC 


The LCA/LCC module is one part of the ECOFACT platform (Fig. 1), which will 
receive up-to-date data from the factory. The ECOFACT project also demonstrates the 
integration of dynamic data from suppliers via a supply chain collaboration service. This 
means that dynamic energy and water data for the production of one component from 
one supplier is collected and introduced to the ECOFACT platform. 

The flowchart in Fig. 2 shows how the dynamic LCA/LCC results are generated from 
the collected data. The ECOFACT platform integrates the data and sends an Application 
Programming Interface (API) request to the LCA/LCC module. The model is updated 
with the new values coming from the field, an LCA/LCC calculation is triggered, and 
the updated results are sent back to the ECOFACT platform. The platform visualizes the 
results and provides decision support to the user. 
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Fig. 2. Flow chart for dynamic LCA and LCC model (Pallas, 2021). Visualization by Catinca 
Popescu. 


706 E. Ingemarsdotter et al. 


In Fig. 3, and in the text below, we detail five key steps in the ECOFACT approach 
to dynamic LCA and LCC. The steps are elaborated from the four steps described in the 
ISO standard for LCA (ISO 14040:2006) and which are also applicable in LCC: 

A) goal and scope definition, B) inventory analysis, C) impact assessment, and D) 
interpretation. We argue that a fifth step is relevant to add, namely E) application. This 
is the step where the learnings from study are put in practice. 


* Define goal and scope of *Identify data * Calculate baseline results * Define and evaluate *Set up live link to the 
the LCA and LCC models requirements scenarios, perform LCA/LCC models 
*Map the required data to sensitivity analysis and *Continuously monitor and 
data sources refine models improve 


* Create parameterized LCA 
and LCC model of factory 
processes 


Fig. 3. Steps of an LCA/LCC detailed in the context of automated, dynamic LCA/LCC based on 
manufacturing data. 


A. Goal and Scope Definition 


e Define the goal and scope of LCA and LCC models 

This step includes describing the system boundaries and defining the environmen- 
tal and cost KPIs to be calculated. This step is the same as for a conventional static 
LCA. In the ECOFACT demonstration cases, the goal for the LCA and LCC models is 
to continuously monitor the environmental impact and costs of the factory as a whole 
and in relation to a unit of the produced product (e.g., one washing machine or one 
hectoliter of beer). The scope of the LCAs is from cradle to gate and the scope of the 
LCC is costs borne by the manufacturing company. The environmental KPIs to be 
calculated include a selection of the impact categories from the EF3.0 impact assess- 
ment method (Zampori and Pant 2019) as well as total energy consumption and total 
resource consumption. Cost KPIs include, for example, energy costs, maintenance 
costs, and waste management costs. 


B. Inventory Analysis 


e Identify data requirements 
Based on the goal and scope, the next step is to list the data requirements for 
performing the desired analysis. This step is the same as for a conventional static 
LCA. Important data points include, for example, the bill of materials of the product, 
energy consumption of different process steps, water use, material inputs, and waste 
amounts. Identifying the data requirements in dynamic LCA and LCC also includes 
specifying which data points will be dynamic, i.e. updated continuously, and which can 
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be considered static. For instance, electricity consumption can updated continuously 
while the bill of materials of the supplied components can be static. 
e Map the required data to data sources 
For the dynamic data points, it is necessary to make a detailed map of the data 
sources from which the data will be collected. The data sources can be sensors, meters, 
management systems, but also manual input from users. Apart from using data sources 
from the manufacturing company itself, the ECOFACT project also demonstrates the 
integration of dynamic data from a supplier. If this mapping step reveals that additional 
components for automated data collection are desirable, such installations should be 
detailed and planned. 
e Create parameterized LCA and LCC models of the factory processe 
The next step is to build the model that will use the data. The models need to be 
parameterized, meaning that inputs are defined as parameters that are updated when 
new data becomes available. This way, we get a dynamic model that continuously 
calculates updated impact results. The first version of the model can use input values 
based on historical data from the factory. In ECOFACT, the models are built in SimaPro 
Flow (SimaPro-Flow 2022), which is a cloud-based online software. A calculations 
request with updated parameter values can be sent to the models via the SimaPro API 
(SimaPro-API 2022). 


C. Impact assessment 


e Calculate baseline results 
When a model is in place, a baseline result is obtained based on historical data. 
The baseline results give initial insights into environmental and cost hotspots. At this 
stage, the models or data requirements can also be modified. For instance, if a certain 
process has an insignificant effect on the total results, data from that process might 
not have to be measured dynamically, thereby reducing unnecessary data transfer and 
processing. 


D. Interpretation 


e Define and evaluate scenarios, perform sensitivity analysis and refine models 
Sensitivity analysis of the results can give important insights into the type of 
actions that would be effective for the company to pursue. Depending on the user’s 
needs, it is possible to create scenarios to be evaluated. Based on this interpretation 
step, it might, again, be decided to modify the model or the data requirements. 
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E. Application 


e Set up live link to feed data to the LCA/LCC models 
The measurement devices in the factories will continuously monitor the important 
parameters in the production processes and send the data to the ECOFACT platform 
in specific time intervals. Via the so called Data Broker, which manages data flows 
between platform modules, a calculation request is sent to the LCA/LCC models, 
containing updated parameter values. The LCA/LCC models calculate a new results 
and send it back to the Data Broker. For this to work, there needs to be a way to 
exchange data between the Data Broker and the LCA/LCC module. In the ECOFACT 
project, the models are built in the online software SimaPro Flow (SimaPro 2022). 
When the Data Broker receives new data from the factory, or at certain pre-defined 
time intervals, a calculation request is triggered using the custom-built SimaPro API 
(SimaPro-API 2022). 
e Continuously monitor and improve 
The ECOFACT platform will provide continuously updated environmental impact 
results to the factories. It will allow them to monitor their environmental footprint and 
cost impact over time. The insights derived from this can provide opportunities for 
targeted actions that can optimize the production and costs associated with energy, 
resource use and life cycle impact. 


3 Discussion 


3.1 Dynamic vs. Static LCA/LCC 


Traditional static LCA/LCC is useful for identifying environmental and cost impacts, 
opportunities and trade-offs and it allows for scenario analyses and product comparisons. 
The life cycle impact is typically assessed as an average impact of a product over a period 
of time. Automated, dynamic LCA/LCC based on real-time manufacturing data can go 
beyond what traditional static LCA offers by unlocking new temporal insights. Below 
we list some examples of such potentially new insights: 


e Seasonal variations in performance can be observed. For instance, a factory might 
have a lower environmental impact during the summer months due to lower heating 
needs or the use of more renewable energy. 

e The effect of changing settings or operational parameters of the production machiner- 
ies can be observed in the life cycle impact on daily, or even hourly basis. 

e Ifa quality issue results in higher scrap levels for a certain time period, a temporary 
increase in environmental impact can be observed. 

e The effect of maintenance can be observed. For example, the maintenance of a machine 
might reduce its energy consumption and thereby the environmental impact. 


These new insights could be translated into targeted actions to improve the factory’s 
environmental performance, such as: 
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Through production planning, it might be possible to shift production to specific days 
of the week or even specific hours during the day when the impact is low. 
Particularly energy-intensive production processes can be moved to days with 
favorable weather forecasts to derive maximum potential from renewable energy 
sources. 

Operational parameters can be adjusted for optimal performance. 

e The maintenance frequency could be adjusted for optimal performance. 


3.2 Future Work 


The ECOFACT project will demonstrate the use of dynamic LCA and LCC in four facto- 
ries. In these demonstration cases, the scope of the LCAs are cradle to gate, which means 
that we do not include impacts that take place in the life cycle stages after manufacturing. 
Future projects could include the use phase and the end of life of the products produced 
in the factory. To include these stages dynamically, data would have to be shared between 
different actors along the life cycle. As mentioned earlier, the ECOFACT project inte- 
grates dynamic data from an upstream supplier of one factory, but this could in theory 
be extended to include downstream data from the product use or recycling. 

Another interesting avenue for future research and innovation is to make the model 
more dynamic in itself by coupling the LCA software to other systems containing infor- 
mation about, for example, the factory layout or the bill of materials of the products. 
The model could then be updated automatically if the factory layout or product design 
changes. Dynamic aspects can also be introduced in impact assessment methods (e.g. 
Lueddeckens et al. 2020) and even in the scope (Sohn et al. 2020). 

Finally, the continuous monitoring of environmental and cost impacts would poten- 
tially lead to new (research) questions, opening up the road to new developments and 
added value to the stakeholders involved. For instance, machine learning models could be 
applied to the large input data gathered from the factories and their associated LCA/LCC 
results that will be generated over time. Applying analytics can allow the identification 
of patterns, parameter correlation with impacts or other insights. Machine learning could 
be used to predict impacts of specific actions, further optimize product manufacturing, 
and reduce costs and environmental risks of new product developments. 


4 Conclusion 


The goal of this paper was to introduce the ECOFACT approach to dynamic LCA and 
LCC and to extract preliminary learnings from the project so far. In order to present 
general learnings that are not tied to the use of specific software or service providers, 
we focus on the key steps of the approach rather than the detailed technical solution. 
We described our approach based on the standardized steps of an LCA/LCC and dis- 
cussed opportunities and future work. As the ECOFACT project is an ongoing innovation 
project, the paper presents preliminary findings. Interested readers should refer to the 
to-be-published ECOFACT project deliverables for more detailed reports on the setup 
and approach. 
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Abstract. In this paper, a life cycle assessment (LCA)-based sustainability assess- 
ment framework is developed to estimate the environmental impact of production 
processes. The framework provides a methodical, context-independent, approach 
to carry out LCA studies. The framework sets guiding principles for products and 
key performance indicators (KPIs) selection and the associated data requirements 
in a reconfigurable manner that can be applied to any industrial setting. In order 
to validate and demonstrate the applicability of the framework, a cradle-to-gate 
case study pertaining to the manufacturing of a real aerospace metallic struc- 
tural component is carried out. Results revealed that the complexity of aerospace 
components makes it difficult to improve the environmental impact from manu- 
facturing operations as most of the impact comes from upstream activities that 
aerospace manufacturers, typically, have no control over, or access to. 


Keywords: Sustainability assessment - Life cycle assessment - Aerospace 
manufacturing 


1 Introduction 


Interest in sustainability has been steadily gaining momentum over the last few decades. 
Indeed, in addition to the classical cost, time, quality and flexibility, sustainability is 
increasingly considered the fifth decision-making attribute in manufacturing systems 
[1]. Most governments have recently legislated laws to achieve Net-Zero emissions 
before the end of the century. The United Kingdom, for example, has set a goal to real- 
ize Net-Zero emissions by the year 2050. Achieving such a goal requires estimating 
the magnitude of GHG emissions from all sectors with a fair degree of certainty using 
scientific methods. In order to do so, it is important to measure GHG emissions not 
only at site levels (e.g., within the boundaries of a factory), but to take a life cycle per- 
spective to understand the underlying emissions throughout a product’s entire life cycle, 
from material extraction, up to disposal or recycling. In addition to GHG emissions, the 
sole focus of Net-Zero, there are other environmental concerns that merit similar efforts 
to mitigate. Such concerns include the availability of resources, emission of toxic and 
hazardous materials and land use, amongst many others. Apart from the environmental 
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concerns, sustainability consists of two more pillars; social and economic. The intersec- 
tion of these three pillars constitutes what is known as sustainability. An example of a 
plan with well-defined goals and a list of actions is portrayed in the United Nation’s 17 
Sustainable Development Goals, which cover all pillars of sustainability [2]. 

Life cycle assessment (LCA) is a widely used approach for sustainability assess- 
ment. It captures the impact that a product, service, or a process has on the environ- 
ment [3] (or on the social or economic pillars, when life cycle costing or social LCA 
are used, respectively) during its entire life cycle (or specified boundaries). Within the 
aerospace manufacturing sector, which is the focus of this paper, most LCA studies 
are dedicated to the use phase of an aircraft, sidelining other life cycle phases, due to 
their (comparatively) significantly lower environmental impact. For example, one of 
the papers [4] that included the production phase of a commercial aircraft found that 
99% of the environmental impact comes from the use phase. It further stated that wings 
and engine production accounted for 63% of the environmental impact of the corre- 
sponding components’ production phase. In [5], the authors presented an approach for 
designing aerospace structural components with additive, instead of subtractive, man- 
ufacturing. In [6], the authors conducted an LCA study for the component designed in 
[5] and proposed a multi-criteria decision-making method to compare the two compo- 
nents (subtractive vs. additive manufacturing). A similar study was also conducted in 
[7], where the authors proposed the use of carbon fiber reinforced plastics. These two 
papers, i.e., [6,7], accounted only for the component manufacturing process of the entire 
life cycle. 

In this paper, an LCA-based sustainability assessment framework is developed to esti- 
mate the environmental impact of manufacturing processes. The framework is context- 
independent and is not confined to the aerospace manufacturing sector. A real case 
study on a metallic structural component from the UK aerospace manufacturing sector 
is performed to validate and demonstrate the framework’s applicability. The rest of the 
paper is organised as follows: Sect. 2 presents the sustainability assessment framework. 
Section 3 presents the case study and discusses the numerical results. Finally, Sect. 4 
discusses the concluding remarks. 


2 LCA-Based Sustainability Assessment Framework 


The sustainability assessment framework, depicted in Fig. | below, applies to a wide 
array of industrial settings and consists of three stages: identification, analysis, and LCA. 
In the first (identification) stage, relevant key performance indicators (KPIs) are identi- 
fied. These KPIs are used in this stage to identify the hotspots that contribute the most 
to the environmental performance. Such KPIs can be related to waste reduction, energy 
efficiency, hazardous materials reduction or any other KPI in line with the goal of the 
industrial setting of framework application. It is worth noting here that these KPIs, iden- 
tified at the initial stage of the sustainability assessment framework, differ from those 
determined throughout the LCA, which will be explained later. After identifying the 
KPIs, the candidate component(s), which are the basis of the LCA study, will be identi- 
fied. It is important to note that most LCA studies are conducted on a component/product 
or a service because of the data-intensive nature of such studies. It is therefore difficult 
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to conduct an LCA study on an entire production system that produces various compo- 
nents/product as this will entail tracing each of these components/products’ life cycles 
from material extraction up to the end-of-life. Nevertheless, for entire sites or systems 
sustainability assessment, other well-established approaches such as carbon accounting, 
based on Green House Gas Protocol (GHGP), or energy audits exist. The candidate 
component for sustainability assessment can be based on any number of criteria such 
as energy intensity of production, buy-to-fly ratio (i.e., the ratio between the mass of 
the input material used to produce a component to the mass of the final product), the 
complexity of its supply chain, amongst many others. 

The next stage in the sustainability assessment framework is the Analysis stage. The 
candidate component’s corresponding supply chain is uncovered and mapped in this 
stage. In determining the candidate component’s corresponding supply chain, similar 
to the life cycle inventory phase of the LCA that will be explained shortly, foreground 
and background data can be used. Foreground data are the data inputs that can be col- 
lected within the boundaries of the production system, typically physically collected. 
Background data, however, rely on multiple sources and often requires making many 
assumptions and simplification due to the occasional absence of data. In mapping the 
production processes, several modelling techniques can be used. Such techniques include 
value-stream mapping (VSM), a lean modelling tool used to visualize a production pro- 
cess and identify inputs and outputs of each process along with value-adding activities, 
discrete-event simulation, or any other mapping technique (e.g., Sankey diagrams to 
model energy inputs and waste streams of manufacturing processes). After the produc- 
tion process is mapped, values for the selected KPIs are assigned, either from foreground 
(i.e., physical data collection) or background, which could be obtained from specialized 
software databases (e.g., Granta EduPack, ecoinvent etc.), or from literature sources. 

The final, and most data-intensive and lengthy stage, is the LCA stage. As this method 
is well-established and widely used, it will only be briefly explained. The interested 
reader can refer to [3] for a comprehensive and thorough guide on LCA. In short, the 
first step is to set the goal and scope of the LCA study. The goal (why is the LCA 
study being performed), the functional unit (a quantitative depiction of the function that 
the candidate component performs within the LCA study) and the scope (the processes 
within the corresponding candidate component’s supply chain that are accounted for) 
are determined. Next, in the life cycle inventory (LCI) step, an inventory of all the inputs 
(material, energy, water etc.) and emissions (CO2¢e, water, waste, etc.) is carried out. This 
step is time-consuming and requires the making of important methodological choices. 
Similar to the previous (Analysis) stage, foreground and background data inventory 
the candidate component’s production processes. The next step is the life cycle impact 
assessment step (LCIA) where the impact of the output of the preceding (LCI) step 
is determined. There are many methodologies for carrying out the LCIA step (e.g., 
ReCiPe 2016, IMPACT 2002 +, TRACI etc.). LCIA itself consists of several steps, 
but they are out of the scope of this paper as they are already contained within the 
LCIA methodologies. The selection of the methodology can be determined based on 
the geographical location of the study, the selected KPIs or on whether the results are 
required at the midpoint or endpoint levels. For more details about LCIA, the interested 
reader can refer to [8]. Finally, in the interpretation stage, the results of the LCI and 
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Fig. 1. The LCA-based sustainability assessment framework 
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LCIA are analysed, particularly with regards to the inherent uncertainty. To understand 
the impact of uncertainty on the results, sensitivity analysis is often used to uncover 
the impact that changes in the values of parameters (particularly those obtained from 
background data) can have on the study’s outcome. 
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3 Industrial Case Study 


In this section, a case study from the UK aerospace sector on a metallic structural com- 
ponent is carried out to demonstrate the applicability and usefulness of the sustainability 
assessment framework in the real world. The company is a Tier 1 aerospace compo- 
nents supplier that operates several factories worldwide. For confidentiality reasons, the 
name of the component will not be revealed, and the data presented in this section are 
normalised. In the Identification stage, the aerospace manufacturing company was con- 
cerned with the large amount of waste generated. Therefore, they chose buy-to-fly ratio 
to select the candidate component. The chosen component is a structural component 
made of aluminum alloy that the production company has identified as one of the most 
produced within their facility, and which also has a relatively high buy-to-fly ratio, which 
results in large amounts of waste. 

The Analysis stage begins with mapping the production process of the chosen com- 
ponent. For this purpose, a simplified Sankey diagram has been chosen to model the 
production processes, material input, and waste streams, as in Fig. 2 below. 
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Fig. 2. The simplified production process of the chosen component 


Figure 2 above depicts the gate-to-gate processes where the collection of foreground 
data was possible. For the upstream processes (i.e., material extraction, alloy production 
and transportation), these processes were taken as a black box, and their values were 
obtained from Granta EduPack 2021 R2 software. The box containing chemical treatment 
contains several (anodising) chemical treatment processes, but they have been combined 
in one box due to their very small amount. 

The production process depicted in Fig. 2, along with the upstream alloy production 
(black box), was modelled in SimaPro 9.2 software. The background data for the life 
cycle inventory step were retrieved from the ecoinvent 3 database [9], a specialist LCI 
database for production processes, has been utilised. As for the LCIA process, the ReCiPe 
2016 methodology [10] has been chosen. ReCiPe 2016, one of the most widely used 
LCIA methodologies, has been chosen due to its geographical coverage that covers 
Europe, where the study takes place, as well as the rest of the world, in addition to 
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including characterization factors for both midpoints and endpoints indicators. In this 
study, KPIs pertaining toabout midpoint indicators have been chosen due to the more 
detailed information about environmental impacts midpoint indicators provide and the 
lower uncertainty associated with the outcome [8]. 

Results for the midpoint indicators, depicted in Fig. 3 below, reveal that the upstream 
processes of the alloy production, accounted for as black box, contribute the most for 
nearly all indicators. It should be noted in Fig. 3 that two chemical treatment processes 
were represented instead of one aggregate process as in Fig. 2. This is because the amount 
of chemicals used in the manufacturing processes was very small (almost negligible) 
when compared to the amount of metals used. In contrast, the impact of these chemicals — 
on certain midpoint indicators — was noticeable. 
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Fig. 3. LCIA results for the midpoint indicators 


The near-domination of the alloy production on the overall cradle-to-gate processes 
of the candidate component can be attributed to several reasons. First, metal extraction 
occurs in disparate geographical areas around the world which, in addition to the highly 
polluting mining activities with the use of heavy equipment and energy and water- 
intensive processes [11] along with large amounts of waste and adverse changes to 
land use [12], also incurs long distances transportation. What also adds to the already 
considerable environmental impact of the early stages in the upstream activities of alloy 
production is that activities are often carried out in developing countries where the 
electricity mix is still highly reliant on coal due to its high energy density. 

The above results have led the aerospace manufacturing company to intuitively 
realise that the majority of the environmental impact resulting from the manufacturing 
of the candidate components stems from elsewhere, and is, currently, difficult to miti- 
gate. This fact is even further exacerbated when considering the environmental impact 
of the candidate component in its downstream life cycle (i.e., aircraft use phase and 
end-of-life solutions). Indeed, as discussed earlier in the Introduction section, it has 
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been found that as much as 99% of a commercial aircraft’s (Airbus 320) entire environ- 
mental impact comes from the use phase of the aircraft over a period of 20 years [4]. 
Therefore, to improve the environmental impact of aerospace manufacturing processes, 
aerospace manufacturers should have tight control and transparent access to information 
about all upstream processes to come up with solutions to mitigate the environmental 
impact. Another solution is to adopt alternative materials and manufacturing technolo- 
gies in aerospace manufacturing. This solution, however, is challenging as the aerospace 
manufacturing industry is tightly controlled and is subject to stringent regulations that 
require lengthy approval processes. Regardless of the challenges of using alternative 
materials, there is an upward trend in these aspects, particularly with regards to the use 
of composites [13] and additive manufacturing technologies [14]. Although these new 
materials and manufacturing technologies seem promising, there is a risk that the envi- 
ronmental impact might from one life cycle phase to another. To explain more, although 
composites are lightweight and contribute considerably to mitigating the environmental 
impact of the use phase, some of this environmental burden is shifted from the use phase 
to the manufacturing phase. In this particular example, the overall environmental gains 
outweigh the shift in the burdens throughout the life cycle. 


4 Conclusion 


In this paper, a context-independent LCA-based sustainability assessment framework 
for manufacturing processes is developed. The framework works as a decision-aid tool 
for identifying candidate components, and as an assessment tool to determine the envi- 
ronmental impact of the life cycle of the candidate component. The framework has been 
applied to a real case study in the aerospace sector for the production of a metallic 
structural component. Results from the case study revealed that most of the cradle-to- 
gate environmental impact comes from upstream processes (alloy production) that are 
outside the control of the aerospace manufacturing company. The main contribution 
of this work is twofold; first, the sustainability assessment framework, which brings 
LCA, a well-established structured methodology, into a wider set of guiding principles 
that facilitate the selection of candidate component(s) and relevant KPIs. The second 
contribution is the design of a real case study from the UK aerospace manufacturing 
sector where important remarks that can guide future decisions regarding improving the 
environmental profile were drawn, particularly with regards to the impact of upstream 
processes. 

This research can be extended in several directions. First, and most obviously, 
although challenging and time-consuming, foreground detailed data regarding the 
upstream processes can be added to the LCA model. Such a detailed study would enable 
manufacturers to gain insight and control over upstream processes. It would also enable 
them to improve their environmental profile and ensure that the social aspects of sustain- 
ability, particularly far upstream in the supply chain, are handled fairly. Another possible 
research direction can be a comparative study comparing the current, as-is, production 
processes of the candidate component with future scenarios of alternative materials or 
manufacturing technologies such as those highlighted in the previous section. 
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Abstract. Sustainable product development is one key to avoid overshooting the 
global production resources and to keep the human impact on the climate under 
control. Life cycle assessment provides methods and tools to monitor and quan- 
tify processes. In reality however, this is a complex procedure with a lack of 
transparency and standardization. Especially small and medium enterprises lack 
resources and know-how to successfully perform life cycle assessments. There- 
fore, the need for action is to make methods and tools usable and accessible in 
practice. This paper presents a concept for the evaluation and categorization of 
sustainability assessment methods and tools by developing criteria based on a sys- 
tem context and stakeholder analysis. Proven assessment methods from literature 
and market research are the basis for the development of this concept. The final 
evaluation of exemplary solutions leads to research gaps which can be addressed 
in the future development of assessment methods. 


Keywords: Life Cycle Assessment - Sustainable Product Development - 
Sustainability Assessment Methods and Tools - Life Cycle Engineering 


1 Introduction 


Since the Brundtland Conference in 1987, the goal of sustainable development of society 
has gained importance. Sustainable development is defined by the sustainable develop- 
ment goals as a target of the United Nations. In addition to being anchored in politics, 
the public awareness of sustainable development is growing and reaching companies 
and industrial production processes [1]. Sustainability is often represented using the 
triple bottom line (TBL), which includes the social, economic and ecological dimen- 
sions [2]. In order to establish sustainability considerations in the product development 
(PD) level, quantification methods are required. They can be used to evaluate different 
development stages of a product or, more commonly, at the end of life to assess a prod- 
uct retroactively. However, the quantification of sustainability is not trivial, since many 
influencing variables have an effect on it [3]. The methods developed so far still have 
numerous weaknesses, so that the results of an evaluation are rarely comparable and the 
implementation is often very complex. In addition, the large number of methods and 
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indicators creates an overload for product developers and customers [4]. Therefore, the 
aim of this research is to develop a concept to evaluate sustainability assessment methods 
and tools (SAMTs) and provide criteria for this purpose. The second chapter addresses 
sustainability in product development, SAMTs and the concept of life cycle assessment 
(LCA). Chapter three explains the main concept including the developed criteria which 
are used in an exemplary application in chapter four to illustrate a SAMT evaluation. 
Chapter five discusses limitations and emerging research needs before chapter six closes 
with a conclusion. 


2 State of the Art 


Sustainability in Product Development 

To achieve a sustainable PD, SAMTs are intended to help product developers to include 
aspects of sustainability in their considerations. The early phases are the most important, 
as this is where the main influences on TBL are established [5]. In order to achieve an 
improvement in sustainability, a variety of methods and tools exist which use different 
approaches to show or influence the sustainability of a product. Many SAMTs are based 
on performance measurement systems that use indicators of sustainability which rep- 
resent measurable key figures. Depending on the company’s goals, vision and type of 
business, different indicator sets are used to develop methods for assessing sustainability. 
To represent applicability in the product life cycle (PLC) phases, SAMTs can be further 
divided into qualitative, semi-quantitative, and quantitative [6]. Qualitative SAMTs are 
suitable for easy and quick application at the beginning of the PLC. Quantitative assess- 
ments, on the other hand, achieve higher quality results but rely on accurate data and are 
used more towards the end of the PLC. 


Life Cycle Assessment 

In order to measure the sustainability of a product, it is useful for a company to consider 
the influences on the product’s sustainability over the entire life cycle. LCA is a sys- 
tematic procedure defined in ISO 14040/14044 that considers the inputs and outputs of 
processes during the PLC and assesses the impact of these on the environmental dimen- 
sion. Essentially, a balance sheet is drawn up of the parameters relevant to the product 
during all phases of its life, and the environmental impact is then assessed with the aid 
of characterization models [7]. An LCA consists of four phases which are displayed in 
Fig. 1. 
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Fig. 1. Phases of a life cycle assessment according to ISO 14040/14044 


Life cycle-based methods form the basis for many SAMTSs and are specialized for 
different use-cases. In order to successfully select a solution for a specific problem, there 
is a need for concepts and selection criteria. This research builds on existing approaches. 
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3 Concept 


Ernzer and Birkhhofer [4] propose a three step approach to select the right LCA method 
based on company needs. Their first step is to analyze the wide variety of methods and 
structuring them into an organized pool. The main concept of this research builds on this 
first step and consists of criteria and categories for the structured evaluation of SAMTs. 
For this purpose, the system context is considered according to Pohl and Rupp [8] which 
places the SAMTs in context to the product development process (PDP). For a better 
understanding and applicability, the criteria are then aggregated into four categories 
which are displayed in Fig. 2. This chapter discusses the categories and highlights the 
development of the criteria and the system context analysis. 


System Context Analysis 

This section presents the analysis of the system context to derive criteria for the evaluation 
ofa SAMT. The result is a series of requirements that are sorted and combined into criteria 
summarized in Fig. 2. The system context results in influences to a SAMT from two 
groups; external and internal influences. The first group includes laws, directives and 
regulations as well as documents and software. The first three can have an influence on the 
selection of a SAMT when itis used to achieve goals set by law. An example is the German 
law “Act on Corporate Due Diligence Obligations for the Prevention of Human Rights 
Violations in Supply Chains” [9], which sets requirements for responsible management 
of supply chains in order to improve the international human rights situation. Documents 
and software can dictate interfaces to company processes for a LCA tool. For example, 
the product data model might store the relevant information in different formats and 
structures which needs to be considered when choosing and implementing a SAMT. 

The second group are internal influences by stakeholders. These can be persons 
within the system context using a SAMT and having different prerequisites on know- 
how, expectations or use cases. This research identifies several groups of stakeholders 
and analyzes them regarding their familiarity with a given computer platform, their 
familiarity with the application area and their expected level of analysis detail. The 
stakeholders considered in this research are project managers, product developers, prod- 
uct manager, business manager, quality assurance, process planning, sales, marketing, 
customers, logistics and production staff. All groups use different software tools regu- 
larly so the integration in those tools can be significant. The level of know-how and the 
level of assessment detail influence the choice of SAMTs and must be included in the 
criteria. 

In addition to stakeholder requirements, there are other requirements for a SAMT, 
so categorization features and criteria from the literature are used to further consider 
requirements (see [6, 10, 11]). These sources and the criteria from the literature research 
performed by Lindahl and Ekermann [12] substantiate the criteria developed in this 
research. 


Criteria and Aggregations 

Lindahl [13] finds four underlying criteria that a SAMT must fulfill. These are the easy 
adoption and implementation, fulfillment of specified requirements, reduction of the risk 
to forget important elements in the PD and the reduction of time to solve the task. The here 
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proposed criteria expand on these principles and ensure the evaluation and selection of a 
fitting solution. They cover the core functions of SAMTs and give users a methodology 
for a direct structured comparison. The developed criteria are then aggregated into four 
categories firstly without weighting, so that all criteria are considered equally. At this 
point the evaluation should be performed qualitatively due to the lack of standardization 
for SAMTs. The weighting for an individual application use-case can be added later 
based on the internal stakeholder requirements. Figure 2 shows the structure of the 
developed criteria. The first category is the scope of functions. It describes how many 
dimensions of sustainability the method covers, the extent to which the SAMT specifies 
how the assessment is to be carried out, and the extent to which it can be adapted to the 


needs of the company. 
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Fig. 2. Aggregated criteria for the structured evaluation of SAMTs 


The degree of specifications describes whether the SAMT defines each step of the 
assessment or only outlines the framework conditions. In the latter, users must make 
many methodological decisions to perform an assessment and accordingly have a deeper 
knowledge. Dimensions of sustainability are based on the TBL. This criterion describes 
whether the solution is focused on the ecological dimension or includes social and eco- 
nomic components as well. Adaptation to company needs is also an important criterion, 
as the idea of a sustainability assessment is often derived from the corporate strategy. For 
example, the choice of sustainability key figures or the integration of company specific 
product category rules. The second category is user friendliness. The first criterion is the 
effort and time required to perform the SAMT. The application complexity of a given 
method describes the user perspective and distinguishes whether there are user guides 
or documentations and the overall description and presentation. The SAMT complexity 
includes the structure of the calculation models and how many indicators are considered. 
The last criterion is the integration of the SAMT into the PDP which describes whether a 
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SAMT is performed separately or integrated in the PDP and possibly even has interfaces 
to it. The third category is the quality of the results, which describes how accurate the 
results of a SAMT are. One factor influencing the quality of the results is the quality 
of the data, which describes whether quantitative or qualitative data are used. This is 
specific to the choice of SAMT and can be evaluated easily. At the same time, it is a key 
factor for analyzing the conflict between ease of use and the quality of results. Another 
aspect of this conflict is the scope of the results, describing the number of indicators 
to be analyzed. It is easier to assess for one company specific indicator than to cover a 
range of indicators used to prove the compliance with laws. The scientific substantiation 
is a measurement of how many case studies a method is supported by. The robustness 
and the handling of uncertainties of a SAMT describes whether a sensitivity analysis is 
provided and how uncertainties are included. The fourth category of criteria fora SAMT 
is defined by the usability of the results. This describes how the outputs from the SAMT 
can be used to incorporate and communicate aspects of sustainability into PD. It results 
from the way the SAMT communicates the results to the users and whether a decision 
support with possible suggestions takes place. For a high informative value of the eval- 
uation results, transparency and comparability are important, so that they can be used 
for well-founded decisions. The criteria are intended as a foundation for a generalized 
method to evaluate SAMTs for a specific system context. The approach builds on the 
methodology of Ernzer and Birkhofer [4] and can be used by enterprises for an initial, 
qualitative analysis and selection of SAMTs. 


4 Exemplary Application 


In this section, the exemplary evaluation of SAMTs is performed using the developed 
criteria. Due to a paucity of data on many SAMTs and few use cases, a qualitative 
evaluation is conducted. The evaluation is based on case studies and the developer’s 
descriptions of the methods as well as the authors’ expert opinions after using the solu- 
tions. For the evaluation, each criterion is described by a catalogue of verbal components 
associated with quantitative values between 0 and 3 in order to compare the focuses of 
the different solutions. Figure 3 shows the evaluation of three methods and three tools. 
As a life cycle-based method, LCA according to ISO 14040 is evaluated and as a hybrid 
method the Partial Equilibrium Modeling (PEM) in combination with the LCA is ana- 
lyzed. For the integrated method, the SEEbalance is used, which combines LCA with 
social LCA. These methods are widely used in practice and show an application of the 
proposed method. The criteria can be used to easily compare SAMTs with an LCA. The 
tool evaluation can be seen in the right graphic. OpenLCA is chosen for the full LCA 
tools, Solidworks Sustainability is used for the simplified LCA tools, and the Sustainable 
Balanced Scorecard (SBSC) is examined for the integrated tools. This chapter displays 
an excerpt of 22 total evaluated SAMTs over the course of this research. 
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Fig. 3. Evaluation results of the methods on the categories from the SAMT project. Left: Evalua- 
tion of the categories of the methods from the SAMT project based on examples. Right: Evaluation 
of the categories of the tools from the SAMT project based on examples. 


The analysis shows that the methods based on LCA have a high quality of results, 
which is due to the high quality of the data, the scope of the analyses and a good scientific 
substantiation. Likewise, they are characterized by a high level of functionality, with 
SEEbalance standing out by covering all three dimensions. The usability of the results 
is only in the middle range due to the fact that the methods do not offer support for 
interpretation. Likewise, the user-friendliness is rather low, since these methods are very 
scientific and many methodological decisions have to be made in order to perform an 
evaluation. This also leads to a low comparability of the results. The tool openLCA 
improves the usability of the results compared to the normal LCA. This is achieved via 
integrated evaluation tools and an operation with the aid of a graphical user interface. The 
quality of the results is maintained and all dimensions of sustainability can be considered. 
This contrasts with the simplified LCA tool Solidworks Sustainability, which is tightly 
integrated into a CAD software. Predefined evaluation criteria increase usability, but 
impose a low level of functionality. The method has a comparatively low quality of results 
due to the lack of case studies. The SBSC is a method that is supposed to measure the 
performance of sustainability by adding sustainability to a classic balanced scorecard. 
This is very much dependent on the user, as only a basic framework for the evaluation 
is given. Thus, it has a very high functional scope and can show a high quality of the 
data. However, due to the high degree of freedom and low level of integration, it is 
only moderately user-friendly. Thus, it can be stated that the analyzed methods and 
tools mostly have a high range of functions and a high quality of results, but the user- 
friendliness is not very high. This can be increased by the use of a tool. Based on this 
exemplary evaluation, a user would have a choice of methods that differ in the dimensions 
of sustainability and slightly differ in data quality. But most importantly based on the 
individual expertise, they could choose between a user-friendly simplified tool with less 
functions and lower quality and complex solutions requiring know-how but offering high 
results quality. 
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5 Discussion 


Limitations 

To ensure that all criteria are considered equally, a uniform weighting was used within the 
course of this research. Furthermore, the criteria provide indications for the evaluation, 
but should still be improved with the involvement of relevant stakeholders. In addition, 
some SAMTs are vaguely formulated and do not provide sufficient information. Experts 
or extensive transparency of the individual SAMTs are needed here. Ideally, this would 
involve a comparison of the different SAMTs in the context of a scientific study that looks 
at the same product for all SAMTs or a reflection of the methods by different experts 
and users. Therefore, the evaluation using the developed methodology still needs to be 
performed by an expert until more standards and comparable data exist. 


Research Needs 

Based on the analysis of the SAMTs using the developed concept, there are certain 
required aspects of research which can be categorized in a practical and a theoretical 
perspective. Above all, there is a need for standards and validation of existing SAMTs 
through case studies to enable comparability. For this purpose, the proposed criteria can 
be used for example, to create databases of evaluated SAMTs. A practical continuation 
could be to develop weightings of the criteria for different business segments. Likewise, 
most solutions lack consideration of all three sustainability dimensions and assistance 
systems for making decisions based on the assessment. Furthermore, there is a need 
for a deeper stakeholder analysis for the further development and validation of the here 
proposed criteria. 


6 Conclusion 


Sustainability is becoming increasingly important in society, politics and also in prod- 
uct development. To assess sustainability and make the results reliable and comparable, 
methods and tools are needed. However, there are many different solutions without stan- 
dardization. In order to create an overview and to make a suitable selection of SAMTs, 
this paper presents criteria and categories via requirements based on a system context 
analysis and stakeholder analysis. The criteria are then put to use in an exemplary evalu- 
ation of LCA methods and tools. The qualitative results reveal strengths and weaknesses 
of the SAMTs which enable an effective selection for the specific company needs and 
use cases. The proposed criteria therefore consider different stakeholders and require- 
ments resulting from a system context analysis in order to perform a structured analysis 
of SAMTs. 
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Abstract. This research looks at how biogas (a renewable energy resource) can 
be harnessed using municipal sewage waste, and the potential of biogas use for 
generating liquid fuels (diesel and petrol) using Fischer Tropsch synthesis. The 
research also looks at the economic implications of carrying out the venture, and 
also determines the viability and feasibility of developing such an initiative in 
Zimbabwe. The production of biofuel from biogas via Fischer Tropsch synthe- 
sis was successfully simulated using the Aspen Plus simulation software which 
enabled a techno-economic assessment to be conducted based on these results. The 
minimum retail price of Fischer Tropsch diesel and petrol fuel was determined 
to be slightly under $1.10/litre for both fuels, with an annual total plant produc- 
tion capacity of 200 million litres per year. The plant was designed to produce 
around 270 000 L of petrol fuel per day that can be refined and further upgraded 
to premium quality grade petrol for export. The plant was also designed to pro- 
duce nearly 320 000 L of diesel fuel per day for direct use as liquid transportation 
fuel. The total biogas input requirement for the plant is 700 tonnes/hour of biogas 
(2000 m?/hour) [1m = 0.353 tonnes]. The total sulphur production is 30 tonnes 
per day, and the total carbon dioxide extracted and captured is 1500 tonnes per day. 
The total plant cost was estimated at $200 million USD. The financial analysis 
for the plant operations shows positive financial performance with a nearly 20% 
return on investment. A payback period of 5 years is projected. 


Keywords: Fischer-Tropsch - Biogas - Fuel Conversion 


1 Introduction 


Zimbabwe’s fuel situation requires a holistic approach to ensure successful and effi- 
cient liquid fuel provision across all sectors, especially the local transportation sector. 
Unavailability of enough fuel affects productivity. Limited productivity affects optimum 
resource utilization as well as the economic output of the country. This results in stunted 
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economic growth, hence a poorer standard of living [1]. A method of producing diesel 
and petrol fuel from biogas generated from municipal sewage is proposed in this research 
to determine its effectiveness in contributing towards alleviating the diesel and petrol 
shortages sometimes experienced in Zimbabwe. The economic feasibility of the pro- 
posed venture is also assessed. Biogas can be converted to the liquid biofuels diesel and 
petrol using Fischer-Tropsch synthesis. The process route of biogas to Fischer Tropsch 
liquid fuel conversion includes the following steps [2]: 


1) Biogas cleaning for the removal of impurities 

2) Biogas reforming for the production of synthesis gas (syngas) 
3) Upgrading of synthesis gas to remove carbon dioxide (CO2) 

4) Fischer-Tropsch synthesis for diesel fuel and petrol production. 


This research looks into the feasibility of generating biogas from municipal sewage 
collected from specific municipalities within the Harare city council, and then determin- 
ing the liquid transportation fuel yield (diesel and petrol) that can be produced by the 
Fischer-Tropsch process using the biogas yield. In this research, a process based simula- 
tion model for the biogas to liquid fuel plant is developed. The model also conducts the 
mass and energy balances. A techno-economic assessment is ultimately carried out to 
evaluate the technical viability and economic feasibility of producing Fischer-Tropsch 
liquid transportation fuel from biogas in Zimbabwe. 


2 Literature Review 


Fischer-Tropsch synthesis is a catalyzed chemical reaction in which synthesis gas, a mix- 
ture of carbon monoxide (CO) and hydrogen sulphide (H2S), is converted into gaseous, 
liquid as well as solid hydrocarbons, together with a large enough amount of oxygenates 
(J.G Speight, 2014). This process is an important option for the environmentally friendly 
production of liquid transportation fuels from biodegradable resources and natural gas. 
Biogas is a viable option that can be used in the place of natural gas, whilst producing 
a more or less similar yield of liquid fuel. In essence, compared to petroleum derived 
diesel and petrol the equivalent fraction of diesel and petrol obtained from the Fischer- 
Tropsch process produces considerably less hydrocarbons, no sulphur oxides (SOx) or 
nitrogen oxides (NOx) hence is more environmentally friendly [3]. 

The process is performed under non-boiling conditions in order to maintain the 
reaction medium in a liquid state. An elevated temperature (i.e. one above ambient 
temperature) is used, preferably one that is about 100 °C and most desirably within the 
range between 150 °C and 200 °C. Preferred operating pressures are those between the 
range of | atmosphere to 2 atmospheres. 


2.1 Biogas Potential in Harare: Municipal Sewage Treatment 


The capital city of Zimbabwe, Harare, faces serious water management problems. Harare 
drains its water into Lake Chivero while also taking in raw water from the same reservoir. 
In this way, the lake serves as a sink for pollutants that are not effectively removed via 
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wastewater treatment or reuse mechanisms. All processed sewage is dumped into this 
lake. Wastewater is believed to be the major direct and indirect source of pollution in Lake 
Chivero (Moyo, Nhapi, et al., 2007). Possible solutions for limiting wastewater inflows 
into Lake Chivero include processing the wastewater prior to its release into the lake. 
An overall water pollution mitigation strategy consists of three important components 
highlighted below: 


(i) A three-step strategic approach [4] (how to approach the problem), 

(ii) A differentiated approach (where to do what: residential, commercial and industrial 
areas) and 

(iii) A staged approach (when to do what: that is, the short-, medium- and long-term 
action plan). 


2.2 Principle of the Anaerobic Digestion Process 


Anaerobic digestion is an organic microbiological process in which micro-organisms 
derive energy and grow by metabolizing organic material in an oxygen-free environment, 
resulting in the production of methane (CH4). The anaerobic digestion process can be 
separated into the following four phases, with each phase requiring its own characteristic 
group of micro-organisms for completion: 


i. Hydrolysis: The conversion of non-soluble biopolymers to soluble organic com- 
pounds 

ii. Acidogenesis: The conversion of soluble organic compounds to volatile fatty acids 
and carbon dioxide CO2 

iii. Acetogenesis: The conversion of volatile fatty acids to acetate and hydrogen gas H2 

iv. Methanogenesis: The conversion of acetate and CO, plus H2 to methane gas 


2.3 Fischer-Tropsch Synthesis 


Fischer-Tropsch synthesis is essentially a polymerization reaction in which carbon bonds 
are formed from carbon atoms that are derived from carbon monoxide, under the influ- 
ence of hydrogen in the presence of a metal catalyst. Various metal catalysts can be 
employed such as cobalt, iron and nickel. The reaction leads to a wide range of products 
which depend on the reaction conditions and catalysts employed. 

Fischer-Tropsch synthesis has drawn a great deal of interest in the recent decades 
from researchers. It has been believed that liquid hydrocarbons’ production through 
this promising clean technology is a potential alternative method which could solve the 
shortage of liquid transportation fuels [7]. 


2.4 Fischer-Tropsch Synthesis Mechanisms 


The Fischer-Tropsch synthesis surface polymerization reaction in which hydrogen and 
carbon monoxide react, takes place on the surface of the catalyst in situ. First, the 
reagents form monomer units. These monomer units act as building blocks for many 
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products, which are then subsequently polymerized to yield a wide range of larger 
products (mainly paraffins) ranging from C4 to Cao hydrocarbons (heavy wax products). 
Several simultaneous chemical reactions occur in the Fischer Tropsch regime producing 
both desired and undesired products. Polymerization of these blocks yields different 
products which depend on the thermodynamics and reaction kinetics of the system [5]. 

Alkanes are the most preferred products in the Fischer Tropsch process. The produced 
alkanes are mainly straight-chain hydrocarbons; while the alkene outputs are mostly 
tertiary alkenes [5]. Fischer Tropsch gas-to-liquids products are formed via the Fischer- 
Tropsch synthesis from a feedstock stream comprising carbon monoxide (CO) gas and 
hydrogen gas (H2), called syngas. As described above the syngas is formed from a 
reaction between methane and oxygen. 


è This study is the first of its kind nCO + (2n + 1) Hy CnHon42 + nH,O + Heat 
produced by Fischer-Tropsch synthesis. 


The Fischer Tropsch synthesis reaction products are a mixture of paraffin hydrocar- 
bon compounds in whose molecules the carbon atoms number up to 100. In addition, 
co-products such as water of synthesis, unsaturated hydrocarbons and oxygen-containing 
compounds (alcohols and others) are generated. In industrial-scale production via Fis- 
cher Tropsch synthesis, the mixture of synthetic hydrocarbons produced is divided into 
the following product categories: liquefied petroleum gases (LPG), naphtha, kerosene 
and diesel fractions. Of these products LPG and naphtha, being primarily used as petro- 
chemical feedstock, should not be regarded as ‘liquid fuels’, i.e. the primary objective of 
the Fischer Tropsch gas-to-liquids process is to produce liquid fuels. The primary focus 
is on the gasoline and diesel fractions. 


3 Methodology 


e Step 1: Physically determining the biogas potential of the Harare city council by 
considering the daily amount of sewage processed by select municipalities, then where 
necessary, extrapolating this value to estimate the total amount of biogas that the 
council could possibly provide. 

e Step 2: Simulation of all processes required for the production of the liquid trans- 
portation fuels (diesel and petrol) from the biogas using the Fischer-Tropsch process, 
and determining the system design required to meet up with this requirement. 

e Step 3: Development of a techno-economic model that includes all the financial 
assumptions of the system based on economic fundamentals. 

e Step 4: The economic feasibility of the research project will be weighed by identifying 
investment considerations such as the capital costs of setting up the plant, the return 
on investment, as well as the potential economic savings that could be realized from 
this approach as opposed to fuel importation. 

e Step 5: Literature review of the current application and adaptation of Fischer Tropsch 
synthesis of liquid transportation fuels in countries and locations where the technology 
is running in full swing is included as part of the methodology 

e Step 6: Interviews will be scheduled and conducted with select individuals in the fuel 
and energy industry to get their insight regarding alternative local production of liquid 
transportation fuels via Fischer Tropsch synthesis in Zimbabwe. 
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Step 7: Site/ Industrial assessment will be carried out through a detailed analysis of 
documentation and footage highlighting the Fischer Tropsch process as well as the 
design details of operational Fischer Tropsch plants around the world. Physical site 
visits to Fischer Tropsch synthesis plants are beyond the budget and scope of this 
research. There is no operational Fischer Tropsch plant in Zimbabwe to date. 


4 Results Discussion 


As part of the methodology to determine the viability of this project, questionnaires were 
used to get the insight of select individuals on the project. Questions were modeled and 
designed based on the project scope. Details of the opinions given by the respondents 
to the respective questions asked are available. The scoping-level economic assessment 
of this Fischer Tropsch gas to liquids system study is available, and all the costs are 
reported on a USD dollar basis. Capital expenditures include several elements that build 
up to a total plant cost. The bare costs cover the cost of the process equipment and the 
cost of the required associated facilities and infrastructure. The labor costs of installing 
the facility are also included. Total plant costs include the bare erected costs together 
with the engineering, procurement, and construction costs as well as the process and 
project contingency costs. The total as spent cost includes the interest on debt during the 
capital expenditure period, which for this study is taken to be five years. 

Estimated capital costs and the capital expenditure are put together based on the 
functional processing area (synthesis gas production area, Fischer-Tropsch reactor area 
e.t.c). These cost estimates are consistent with the costs that were needed for constructing 
other gas to liquids processing facilities and have an expected accuracy of -15 percent 
to + 30 percent. Cost escalation and uncertainty between project execution and project 
completion have disrupted some Fischer Tropsch GTL projects in the past (e.g., Escravos 
and Pearl), giving an insight on how much caution needs to be put on Fischer Tropsch 
GTL cost estimates. For that reason, a probability significance test is carried out at the 
95% significance level. 


4.1 Results 


This plant was designed to produce 270 000 L of petrol per day that can be refined to 
commercial grade gasoline. The plant was also designed to produce 320 000 of diesel 
fuel for direct use as liquid transportation fuel. The total biogas input requirement is 700 
tonnes/hour of biogas (2000m?/hour) [1m? = 0.353 tonnes]. Total sulfur production is 
30 tonnes per day, and total carbon dioxide capture is 1500 tonnes per day. The total 
plant cost including working capital and start-up costs, was estimated to be $200 million 
USD. The financial analysis projection anticipates positive financial performance with 
nearly 20% return on investment. A payback period of 5 years is projected. Plant capacity 
factor has a strong impact on the financial returns. A capacity factor reduction of 25% 
would lower the return on investment from 20% to about 15%. Project viability depends 
heavily on crude oil price scenarios. At crude oil prices greater than $35/barrel, the project 
would achieve a return on investment greater than 10%. A 15% return on investment is 
achievable for crude oil prices greater than $45/barrel. 
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The plant construction cost was considered in the financial model and combined with 
the system structural engineering and design fees, as well as fees for office and adminis- 
tration work to provide the total cost estimate. On top of these costs, an approximation of 
25% project contingency and 25% process contingency on the Fischer Tropsch synthesis 
section of the plant, 2% start-up cost, and 10% owner’s cost was included to reflect the 
total plant costs. 

The total plant cost and the values that are used in the financial model calculations 
are all rounded off to the nearest thousand, where the average cost is above $1000USD. 
For cost values below $1000USD, the value is rounded off to the nearest $100 dollars. 
A 5% average increase in price/cost is included in all the cost figures to account for the 
uncertainty of market prices at any given time. 

Net present value = (Cash flow)/(1 + r)t, where cash flows is the money taken in by 
the venture through the selling of diesel and petrol, r is the discount rate and t is the time 
period under consideration. The base case result shows positive financial performance, 
with a nearly 20% return on equity investment and a net present value of around $120 
million. A mutual connection is established between the Fischer Tropsch liquids value 
and crude oil prices to determine how changes in crude oil price would impact the return 
on investment. Depending on the timeframe chosen as a comparison basis for pricing 
Fischer Tropsch liquid fuels, the financial results of the plant can be very different. 
Choosing a timeframe where crude oil prices are high by historic standards (e.g. the 
2005-2006 period) will lead to Fischer Tropsch liquid fuel prices that are higher when 
compared to the average of prices for the last decade (2010-2020). Analysis performed 
on the petroleum market speculates that the 2005- 2006 price average of near $60/barrel 
for crude oil may represent a new basis for the future market predictions, rather than 
previous historic averages [8]. The impact that using a different basis for fuel price will 
have on plant ROI can be seen in the Fig. 1. 


Return on investment (%) 


20 30 40 50 60 70 
Oll Price / Barrel (USS) 


Fig. 1. The impact that using a different basis for fuel price will have on plant ROI 
Using the 2000 to 2006 global price average of around ($38USD /barrel) against 


any assumption made in the base case will drop the plant’s return on investment by 
approximately 10 percentage points. Although the return in the mutually exclusive case 
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is still nearly 10%, project developers must be comfortable with the risks that are common 
in the fuel market and their exposure [7]. Price information from specific strong fuel 
markets of the Fischer Tropsch products and future projections for petroleum product 
prices are key in determining the economic viability of Fischer Tropsch plants. Ideally 
discussions should also be held with local importers of liquid fuel in Zimbabwe as well 
as with the product distributors to determine how they would value the Fischer Tropsch 
streams relative to petrol or diesel. Once this information is obtained, more refined 
price estimates can be made to determine the necessary price level to make the plant 
economically attractive. As highlighted above, the plant cost and plant availability also 
have a large impact on the return on investment. The base case financial analysis assumes 
a 25% project contingency and an additional 25% process contingency on the Fischer 
Tropsch synthesis plant in an effort to estimate uncertainty at this stage of the design. 
Because other model inputs are based on a percentage of the plant cost, changes in this 
variable has a multiplier effect on the overall economic results as shown in Fig. 2. 
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Fig. 2. Effect of model input on the overall economic results 


Reliable operation is important to ascertain that the cost of project development and 
construction can be recovered. Long periods of non-operation throughout the life of 
the plant will negatively affect overall project economics, given the 30-year plant life. 
However, plant availabilities below 70% will still provide a decent return on investment 
of nearly 17%, whichis only a few percentage points lower than the base case. This shows 
that the concerns over Fischer Tropsch plant performance should not be a major hindrance 
to project development, since potentially acceptable rates of return can be achieved even 
with lower than expected availability for this plant [9]. Based on the analysis where key 
process variables were changed by 25%, it can be stated that the project finance inputs are 
generally strong. The rates of return remain over 15% regardless of the variables changed, 
when using the base case values for Fischer Tropsch liquids. Besides project cost, the two 
items most critical to the financial analysis, which are availability and Fischer Tropsch 
liquids fuel value, can vary significantly based on plant design and market conditions. 
These variables should be carefully examined when considering the range of financial 
outcomes. Other inputs, while important to a detailed projected forecast of a facility’s 
financial potential, do not have the same significant impact as these two factors [10]. 
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5 Conclusion 


This study is the first of its kind in the context of plant design studies for commercial scale 
Fischer Tropsch plants in Zimbabwe. The conclusions and recommendations from this 
study can feed directly into any follow on studies that may be carried out in Zimbabwe 
under the similar topic looked at in this project. The production of biofuel from biogas 
via Fischer Tropsch synthesis was successfully simulated using Aspen Plus simulation 
software. For the base case plant with a biogas firing capacity of 2 000 Nm*/h, the 
minimum selling price of Fischer Tropsch diesel and petrol fuel was determined to 
be slightly under $1.10 per litre for both fuels, with an annual total plant capacity of 
200 million litres/year (a constant price for the 2 fuels is taken since they go through 
fundamentally the same production process and are produced from the same biogas raw 
input). This selling price for the biofuels will be competitive judging from the retail price 
of fuel imported into Zimbabwe. Given the current drop in crude oil price during and after 
the Covid-19 pandemic, the economic feasibility of a biogas to Fischer Tropsch liquid 
fuels plant in Zimbabwe could be challenging. Nevertheless, a further drop in fuel price 
could be achieved at an even higher plant size with a much larger production capacity. 
Therefore, a biogas to liquids fuels plant has the potential for full commercialization and 
will compete with fossil-based diesel and petrol fuels in use in Zimbabwe. It therefore 
follows that the financial assumptions and contingencies put forward for this project 
hold, and are taken as valid since the project viability has been affirmed. In addition, any 
additional biofuels production from any other biofuels (ethanol and biodiesel) processing 
plants around the country will also add to the availability of liquid transportation fuels 
in the country. 


5.1 Application of Fischer Tropsch Synthesis in Other Countries 


The Fischer-Tropsch technology outlined in this paper can be used in many countries 
that have a source of raw gas feedstock for the process. The technology is already in 
use in a number of countries. The world’s largest scale implementation of Fischer— 
Tropsch technology is a series of plants operated by Sasol in South Africa. The first 
commercial plant in the country opened in 1952. Sasol uses coal and natural gas as 
feedstocks for the Fischer Tropsch process. It produces different synthetic petroleum 
products, including most of the country’s diesel. PetroSA, another company in South 
Africa, employs a refinery which produces 36000 barrels daily. Another large-scale 
implementation of Fischer-Tropsch technology is in Bintulu, Malaysia. The facility 
converts natural gas into low-sulfur diesel fuels and wax. The production scale is 12 000 
barrels per day (1900 m?/d). 

An additional Fischer Tropsch facility, Pearl GTL at Ras Laffan, Qatar, is the second 
largest Fischer Tropsch plant in the world behind Sasol’s Secunda plant in South Africa. 
It uses a cobalt catalyst at a temperature of 230 °C. The plant converts natural gas to 
petroleum liquids at a rate of 140 000 barrels per day (22 000 m7/d). Additional produc- 
tion of 120 000 barrels (19000 m°) of oil equivalent in natural gas liquids and ethane is 
also observed. Another plant in Ras Laffan, Oryx GTL, was commissioned in 2007. It 
has a production capacity of 34 000 barrels per day (5400 m?/d). The plant makes use 
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of the Sasol slurry phase distillate process, which utilizes a cobalt catalyst. Oryx GTL 
is a joint venture between Qatar Petroleum and Sasol. 
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Abstract. Against the backdrop of advancing climate change, the pressure on 
industry as the second largest producer of greenhouse gas emissions worldwide 
is increasing. Climate neutrality and the effects on the climate of products or ser- 
vices are gaining more and more political and social attention. Thus, this paper is 
dedicated to the investigation of the holistic influence of machined components 
on greenhouse gas emissions. Optimisations can only be achieved through a pro- 
found understanding of the important factors in relation to climate neutrality of 
industrial production. To this end, a method is developed that allows the low-effort 
quantification of part-specific greenhouse gases emitted during the production on 
a CNC machine tool. Validating experiments are conducted in a real industrial 
environment. Finally, potential for improvement is outlined. 


Keywords: CO2 emission - Sustainable production - Manufacturing 


1 Introduction 


As the second largest emitter of greenhouse gases worldwide [1], industry with its energy 
demand represents a relevant lever for minimising emissions. Thereby, discrete manu- 
facturing, especially with cutting machine tools, is a major contributor in relation to 
other sectors [2]. To be able to estimate the climate impact of products, CO2 balances, 
also called product carbon footprints, are drawn up. Carbon footprints are a special form 
of life cycle assessments (LCA). While with a LCA, it is possible to balance many 
environmental impacts of a product over its life cycle, the CO2 balance only consid- 
ers the impact category of climate change with the impact indicator global warming 
potential (GWP) [3]. It is commonly expressed in the unit CO2 equivalents (CO2-eq.). 
This introduces a reference value that relates all greenhouse gases and their climate 
impact to the anthropogenic greenhouse gas with the largest share regarding climate 
change, CO2 [4]. In the literature, the focus in regard to machine tools and produced 
parts has so far been primarily on energy efficiency [2, 5, 6], or in CO2 monitoring 
without considering all relevant factors, such as raw material and cutting tool [7]. Thus, 
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the influence of the energy consumption as well as other factors like raw and operating 
materials on climate change has been less researched in connection with the production 
of produced parts. Furthermore, studies that address this topic usually require exter- 
nal measurement devices, which impair the application of the developed concepts in 
practice due to related costs. In addition, only geometrically predefined components are 
examined. Furthermore, the data used in these studies, especially for the global warming 
potentials (GWP) of the different materials or energies, are based on numerous different 
studies, making the comparability of these factors and thus the balance problematic [8]. 
Therefore, this work aims to fill the gap in literature and investigates a low-cost, brown- 
field approach for part-specific CO2-accounting of milled parts, including all relevant 
resources and using only one database for GWP factors. The method for CO2-acounting 
integrates internal machine tool data and enables fully automated CO2-accounting. This 
can be used by companies in several ways, e.g. to identify possible improvement mea- 
sures, but also to provide the product carbon footprint for downstream-costumers. For 
these purposes, a cradle-to-gate system boundary is chosen. The concept is developed 
on the basis of the standard presented by the Green House Gas (GHG) Protocol [9] and 
the database for global warming potential offered by ecoinvent [10]. 


2 Method 


In the following, the method for part specific CO2-accounting is described in general. 
It consists of three steps. First, the scope and relevant factors are defined according to 
the GHG. This is followed by the data collection and build-up of resource consumption 
model, emphasising the challenges and respective solutions to collect needed data at 
low-cost and with as little effort as possible. 


2.1 Method for CO2-Accounting 


The carbon footprint for the finished product is calculated as the sum of the carbon 
emissions (CE) of the input and output resources as well as transportation emissions. 
Therefore, the first step of the method, depicted in Fig. 1, is the definition of the system 
boundary, determining which resource inputs are needed in the process, which resource 
outputs respectively waste is leaving the process and which transportation related with 
these resources is considered. The challenge, however, is to get the information regard- 
ing the related emissions for each part separately. The typical approach is to measure 
the resource consumption for example with stationary or temporarily mounted sensors, 
having the disadvantages of high costs or not constant data acquisition. Therefore, they 
are hardly to include in a constant, part-specific CO2-accounting. Another challenge 
in accounting part-specific carbon footprints of milled parts are resource consumptions 
that can hardly be recorded from external sensors. Here, additional information from 
machine control and employees, supported by temporary measurements, can help to 
model the resource consumption part-specifically. This model for the calculation of the 
part-specific carbon footprint is created in step two of the method. The resource consump- 
tion is modelled based on permanent information gained from the programmable logic 
controller (PLC) as well as the product lifecycle management (PLM), uniquely aligned 
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with additional information from employees as well as temporary measurements. To get 
the part-specific carbon footprint as output, the consumption is then multiplied with the 
GWP factors for each resource, one-time gathered from an LCA-database. In a third 
step, the carbon footprint related to the product can be analysed and visualised. 


Definition of System Boundary and relevant Factors E 
Input resources needed in the process 2 
Output resources (waste) of the process 2 
Transportation related with input and output resources 2 
Data Collection and Resource Consumption Modelling 
Collection of needed data (permanent and nonrecurring) 
Alignment to model consumption based on PLC and PLM 
Multiplication with GWP factors for each resource 

PLC Data Temporary Additional PLM Data 
Measurements Information 
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Visualisation and Interpretation & 
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> 


Fig. 1. Method for model-based, part-specific CO2-accounting 


2.2 System Boundary and Relevant Factors 


Figure 2 shows the relevant factors (in grey) for a part-specific CO2-accounting of milled 
parts (in black). They can be divided into the required input resources semi-finished 
product, cutting tools, coolant lubricant, grease, packaging material and electricity. Fur- 
thermore, the outputs scraps, used tools, used lubricants and used grease account also 
for CO2-emissions when being disposed, which therefore need to be considered for 
the carbon footprint of the finished product as well. The electricity needed for produc- 
tion can be further divided regarding the electrical consumers of today’s CNC machine 
tools. Electrical energy is mainly needed for spindle drives, axle drives and auxiliary 
drives. The auxiliary drives include for instance the chip conveyor, the air compressor, 
the cooling unit for cooling the spindle bearings and the clamping units for tools and 
workpieces. 
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Fig. 2. Input and output resources regarding the finished product 


2.3 PLC Data-Based Resource Consumption Model 


Today’s CNC machine tools have a very high automation level where almost all func- 
tionalities are provided from the machine controller. Hence, various information, such 
as the machine status, several on/off states, tool ID or drive signals, can be obtained 
from the PLC. This enables an effortless opportunity to gather relevant data for CO2- 
accounting on various machines without necessarily installing stationary measurement 
devices. According to the relevant factors identified, data from the electrical consumers 
spindle drives, axle drives and auxiliary drives must be collected during production. 
In addition, the operating time of each cutting tool must be recorded for being able to 
contrast them with the tool life cycle. Material and scrap information is obtained from 
master data of PLM system. The energy consumption of the spindle and axle drives 
depend strongly on the process and show highly dynamic changes which, therefore, 
need to be measured quantitatively. These can be obtained by measuring the current and 
voltage signals from the PLC. These variables are usually accessible from the machine 
controller since they are necessarily used in the control loop of a CNC machine tool. In 
contrast, the auxiliary drives show low-dynamic and cyclic behaviour. Hence, collecting 
the on/off states of these consumers is sufficient. Besides electricity, the auxiliary drives 
consume further resources such as cooling lubricant and grease which must be consid- 
ered. These resource consumptions can also be modelled from the PLC due to constant 
supply behaviour. The on/off state of the aggregates are therefore multiplied with the 
characteristic supply value contained in the additional information. The CO2-accounting 
of used tools mainly depends on the relation between tool life cycle and cutting time. As 
a life cycle criterion, the tool wear is commonly used [11]. Since tool wear depends on 
several parameters, such as cutting conditions, tool properties and workpiece material, 
the life cycle varies continuously. Therefore, empirical equations, such as Taylor’s tool 
life formula [12], are commonly used to predict the life cycle based on historical data. On 
the other hand, the cutting time can be accessed during production from the PLC by using 
the tool ID and spindle speed. The cutting time can then be cumulated whenever spindle 
speed is not zero. The produced scrap can either be obtained on field by respectively 
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weighing the workpiece before and after production or by using CAD/CAM software. 
Since CAD is the todays standard in product development, it is obviously preferable due 
to less effort. A part-specific CO2-accounting requires an allocation of the collected data 
to each manufactured part, as depicted in Fig. 3. This can be enabled by using the differ- 
ent operating states of the machine. According to VDMA 34179 [13] the operating states 
can be divided into working, operational, powering up, powering down, stand-by and 
off. The 4 first-mentioned states can be directly assigned to each part. For the allocation 
of the collected data during stand-by, however, a cause-related methodology must be 
worked out. The part-specific allocation of stand-by data can be designed with different 
complexity and must be in compliance with production planning. In batch production, a 
batch-wise allocation is suitable, while for one-off production only the distribution per 
predefined number of shifts or per predefined time span is appropriate. In the latter case, 
for example, the produced emissions during stand-by can be evenly distributed to all 
produced parts within one working day, a week or a month. 
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Fig. 3. Exemplary demonstration of part-specific data allocation within two produced parts 


3 Use Case 


The implementation has been realised in a real manufacturing environment where CNC 
machine tools are used for small batch production. The machine used consists of a 3- 
axis portal milling machine with a vacuum workpiece clamping technology and uses 
minimum quantity lubrication. Within the validation period, a total of 14 different com- 
ponents were manufactured. The machine operator has recorded the set-up times of the 
workpieces in order to be able to assign the set-up times to the carbon footprint later 
as well. Workpiece material and scrap information is obtained from PLM system. The 
required sensor data are collected by the machine controller as well as by temporarily 
measuring devices for model parametrisation and validation purposes. For gathering 
machine control data an industrial edge computer has been used. Additionally installed 
measurement devices consist of a mobile power consumption measuring case and a vol- 
umetric flow meter. The installed volumetric flow meter measures the volume rate of 
supplied compressed air from the machine shop. The compressed air supply is also con- 
sidered as an electrical consumer. Therefore, the available control system of the machine 
shop compressor is used to determine the demand of electrical power to generate one 
liter of compressed air. This parameter is then related to the measured volume rate. 
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As already mentioned above, the electrical emissions generated during production 
can be modelled by means of machine internal PLC data. Figure 4 exemplarily shows 
the model-based estimated as well as the measured GHG emission curves of the spindle, 
the cooling unit, the chip conveyor and the vacuum pump during the production of two 
different workpieces. The model is parameterised and validated by comparison with 
external measurements (temporary measurements). Direct energy measurements from 
the control cabinet with current clamps confirm that the consumptions of the various aux- 
iliary aggregates show almost constant signal behaviours during the measurement period. 
Thus, the emissions of these units can be approximated by recording their on/off states, 
while spindle and axle drives must be measured quantitatively. The model can estimate 
the emissions of the electrical consumers with an average accuracy of approximately 
92%. 


Model-based estimation of GHG emissions 
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Fig. 4. Comparison between estimated and measured GHG emissions of selected auxiliary drives 
and the spindle drive 


4 Results and Discussion 


The concept developed in this paper allows the quantification of part-specific emissions 
during production considering all relevant factors from Fig. 2. In total, 244 kg of CO2e 
were emitted within three working days, with 14 individual parts produced. With an 
annual production capacity of 3811 parts, this corresponds to 66 t of CO2e per machine. 
This is comparable with 44 passenger cars with an annual mileage of 10.000 km [14]. 
Figure 5 breaks the emissions down to the individual resources. The bar chart presents 
the resource-related average CO2 emissions. It includes the material, used lubricant and 
the electrical consumers. However, the axle drives, grease, tool wear and packaging 
have not been taken into account in Fig. 5 due to their negligible impact in this use 
case. Obviously, the individual resources differ significantly from each other. By far 
the largest source of emissions is the manufacturing of the semi-finished product. On 
average for the 14 different components produced, almost 83% of CO2e emitted are 
attributable to raw material. With 13,4% the machine internal consumers are the second 
largest contributors. The generated scrap is responsible for the remaining 3,6% of the 
greenhouse gases emitted. 
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Fig. 5. Resource-related average CO2 emissions including material, lubricant and electrical 
consumers (e.e. = electrical emissions) 


In a direct comparison of the electrical consumers, the air compressor, the vacuum 
pump and the cooling unit account for 91% of the greenhouse gases emitted. Spindle 
drive and chip conveyor in turn only account for 9% of the emissions from electri- 
cal consumers. The greatest possible lever for reducing emissions is the semi-finished 
product. An increase in the proportion of recycled aluminum by 30% can achieve an 
emission reduction of 58%. Another relevant lever is the greenhouse potential of the 
purchased electricity. By switching to electricity generated by solar energy, 7,1 t of CO2 
equivalent can be saved annually. Consequently, this paper concludes that switching to 
more climate-friendly resources, such as recycled aluminum, and switching to renewable 
energy are the most effective factors for climate-friendly production. 


5 Conclusion 


In the presented work a low-effort method for part-specific CO2-accounting during the 
product development phase of milled parts has been presented. The method is based 
on resource consumption modelling and uses PLC and PLM data as permanent inputs. 
Therefore, the method is arbitrarily scalable and highly automatable and thus provides an 
important contribution to CO2 transparency and its emission reduction. An implemen- 
tation in a real manufacturing environment showed good results for the modelled car- 
bon footprint compared with the measured footprint of various products. The presented 
results are highly dependent on the data used. Especially, the greenhouse potentials for 
the resources have a significant impact on the balance sheet. For example, the results 
of the balance sheet differ by over 90% from the results presented, if the value for the 
primary aluminum is taken from the ProBas instead of the ecoinvent database. There- 
fore, the comparability of this study with other studies is only given if both are based on 
the same database. Although several resources were considered for the carbon footprint 
of the final product, further research has to include superordinate resource consumption 
such as electricity for lighting and heating of the factory side. Allocation can be done in 
this case for example by area share of the used machines. 
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Abstract. CO> neutrality is an important goal for the upcoming years. It is nec- 
essary to ensure that greenhouse gases are emitted as few as possible, particu- 
larly for the development of new products. The most important decisions, with 
impact on the sustainability, are already made by the product designer during the 
virtual product development phase, such as raw material requirements, selected 
manufacturing process or thermal and surface treatments. Especially in the case 
of ablative processes (CNC), raw material has a major impact on the calculated 
carbon footprint of products. 

In order to minimize the emissions of greenhouse gases in the virtual product 
development phase already, this paper presents an approach to provide assistance 
for the product designer regarding the ecological impact of his decisions. For this 
purpose, Life Cycle Assessment (LCA) methods are directly integrated into the 
CAD software. During the design process, the expected CO2 equivalents of the 
largest influencing factor - the raw material - can be displayed which is observed 
for most cases of metal material. In addition, the savings potential for reducing 
the blank volume or changing the raw material is shown and a suggestion is made. 


Keywords: Life Cycle Assessment - Sustainable Product Development - CAD - 
CAM - Assistance System - Multi Scenario Analyzer 


1 Introduction 


In this day and age, climate protection is one of the most difficult challenges. To master 
this challenge, the European Commission determines greenhouse gas neutrality for the 
European continent up to the year 2050. This overriding goal is known as the European 
Green Deal (EGD) and was introduced in December 2019 [1]. With this key project, there 
are two main tools in the European Union (EU) to reduce gashouse gases: One of them 
is the EU climate protection requirement and the other one is the EU emissions trading. 
Within the trading system, there is a cap of the overall greenhouse gas emissions which 
will be scaled down year by year. This affects energy-intensive companies, particularly 
in the energy, production industry and air traffic sectors. These involved sectors have to 
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break new ground to reduce greenhouse gas emissions in view of keeping the limits that 
are set by the EU. Especially when it comes to a new product design, there should be an 
understanding which effect a new product has on the environment. 

The engineering view of a typical product lifecycle can be divided in the phases 
product development, production, utilization and different end of life scenarios, such as 
recycling or disposal. Every phase has an impact on the environment but only the first 
phase of the product development can affect the emissions of all the following other 
phases. Usually the product developer has not a great knowledge about the different 
following scenarios of the product’s lifecycle and the impact of his decisions. This 
begins with the choice of the raw materials and the production processes. Even if the 
product in the product development phase is just a digital model, the needed raw material 
for production can be seen as a degree of freedom. However, the production of the raw 
material has so many possible parameters that the product developer has no possibility 
to quantify the impact of his decisions. 

When it comes to quantifying the impact of products on the environment Life Cycle 
Assessment (LCA) is a widely used method [2]. In the past decades, a variety of LCA 
methods and indicators on the environmental impact have been developed. Every single 
knot of the supply chain of a product can be quantified and converted into greenhouse gas 
equivalents or other factors. With this opportunity, it is possible to track the greenhouse 
gas impact, for example the mining of raw material or the production of energy. LCA 
tools are often standalone, complex applications that are used by experts. However, they 
are not designed to be used in the product development process. The software requires 
extensive knowledge of information that is missing in the design process [3]. Moreover, 
the LCA approach is not user friendly and too complex to use it in an easy way [4]. 

When it comes to metal materials and abrasive processes, the choice of the raw 
material has a significant impact on the overall environmental footprint of the product. 
An example of the impact can be seen in the evaluation of the production of a threading 
tool where the total amount of the CO2eq for the complete production is 1.493 kg. The 
raw material has an amount of 0.76 kg COzeq which is 51% of the sum [5]. In this case, 
the biggest lever to minimize the carbon footprint is the raw material. By designing a 
new product for CNC milling, the product developer defines the required blank volume 
at the very first step with the design software. This blank volume is the base for the CAM 
simulation and the required raw material in the following milling phase. 

In this paper an approach for a product developer assistance system for CNC manu- 
factured products is presented. This assistance system aims to give user friendly infor- 
mation of the raw material impacts on the environment in the CAD phase even before 
CAM is performed and the concept is consequently independent of a machine strat- 
egy. Therefore, the methods of LCA are directly integrated in the CAD software and 
suggestions to reduce the environmental impacts are given. 


2 Current Use of LCA Methods and Tools 


LCA methods and tools are used in various ways to reduce the environmental impact 
in the manufacturing industry. They can be divided into traditional application after 
production, usage in the production process and usage in product development. The tra- 
ditional application includes standalone LCA software after the product was produced. 
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Commonly used tools for LCA evaluation with huge databases themselves are SimaPro 
or GaBi [6, 7]. The scope can be classified into “cradle to gate” analysis or “cradle to 
grave” analysis with the aim to summarize the environmental impacts for internal or 
external use before the product is sold. In production processes there are diverse anal- 
yses and approaches aiming on the reduction of resource consumption, for example of 
machine components [8]. Moreover, there are some approaches that uses LCA meth- 
ods in the product development phase. One of them shows that an integration of LCA 
methods into structural optimization strategies for eco-design can support designers to 
lower the impact of products in the design phase already [9]. A complete integration 
of an LCA tool into CAD software has already been developed by Dassault Systèmes 
with the sustainability tool for the CAD software SolidWorks [10]. After designing a 
product, a CAD user can analyze different environmental impacts of the product by 
using a dropdown menu with different scenarios. Different materials are included and a 
report can be exported. An approach to integrate LCA in the CAD/CAE environment is 
given by Fang et al. [11]. Besides the environmental analysis of CNC machine tools, a 
sustainable design index (SDI) is developed to show energy consumptions, costs, CO2 
emissions and different design strategies with integrated analysis. 

The existing approaches are complex to use and great knowledge about the lifecycle 
of the product is assumed. Even if the designer has knowledge in using LCA methods, 
it takes time to apply existing tools and software plugins which is often not practicable. 
This results in a need for an easy to use assistance system for designers. 


3 Integration Method into CAD Phase 


The developed assistance system for product developers can be integrated into the graph- 
ical user interface (GUI) of the CAD software and so be called easily as a new feature 
or function in the design process. In this approach, the used CAD software is Siemens 
NX 1926 but it can also be adapted for other CAD programs. The feature is developed 
in a way that it can be used in every step of the design phase regardless of level of detail. 

The assistance system consists of three parts. The first part is called “simplifier” and 
its function is picking the relevant information out of the CAD model for the further 
software processing and provide the final results. By activating the feature, the dimen- 
sions of the model are transmitted into the assistance system. Details of the model are 
simplified and the required blank volume for a CNC production is calculated. This could 
be a block or a cylinder with offsets fulfilling geometric tolerances and clamping device 
attachments. Usually, the blank volume is created later by the designer during CAM 
programming. In this case, the required blank volume is created automatically by the 
assistance system by calculating the boundaries and adding the offsets. After the sim- 
plification of the CAD model, the required information for a LCA is transferred to the 
second module of the assistance system. 

The second part is called “multi scenario analyzer”. This module creates different 
LCA scenarios and contrasts these with regard to their environmental impact. The module 
replaces the complex and time-consuming user inputs into a LCA software tool and 
considers different points of view. No experience is required for using the automatic 
calculation. Inputs for the multi scenario analyzer are the blank volume dimensions, 
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metal material information and current (geo-)location of the user. With these inputs, a 
variation of different production scenarios is created based on expert knowledge. 

A basic material for CNC milling is aluminum. To produce a block of aluminum 
different steps must be carried out which results in an enormous number of input param- 
eters. To get to the final production step which represents a production of an aluminum 
block, five different inputs can be figured out. The inputs are aluminum fluoride, pro- 
duced anodes from coke and bauxite as well as electricity and process heating. Every 
block has his own input until the materials are directly consumed as natural assets such 
as air, water or raw materials. To show the complexity of the aluminum block production 
scenario, the five inputs of the aluminum fluoride block are listed: bauxite, quicklime, 
hexafluoro silicic acid, sodium hydroxide and process heating from two different sources 
are needed to produce the aluminum fluoride. Outputs of the production step are the alu- 
minum fluoride and production waste which is not displayed. Summed up for the whole 
process, over 2600 sub processes (inputs and outputs) are found only for this aluminum 
production scenario. 

This specific production scenario is handed over to the third part of the assistance sys- 
tem. The main function in this part is the performance of the LCA. The common results 
of an LCA is the calculation of different environmental impacts. A variety of impact 
assessment methods can be used for this purpose. The methods address different impact 
categories. Examples are the “Baseline model for 100 years, based on Intergovernmental 
Panel on Climate Change 2013 (IPCC)” which considers the impact categories climate 
change — overall, biogenic or land use and transformation, the method “ReCiPe” which 
has different impact categories such as formation of photochemical ozone, eutrophica- 
tion — freshwater or marine and the method “CML 2002” with impact categories resource 
use and fossil [12]. One of the most used methods in practice is the eco-indicator 99 
[13]. The midpoint approach includes 11 impact categories which can be classified in 
the three main categories human health, ecosystem quality and resources. There are 
different units in the methods in relation to their impact category. The focus of the assis- 
tance system is to give an easy to use and easy to understand environmental impact 
calculation. Therefore, the method “ReCiPe Midpoint (H)” is selected because of the 
direct calculation of the climate change impact and the transparent implementation [14]. 
There are three different calculations for this method. The hierachrist (H) calculation 
fits best for the assistance system. It is based on policy principles regarding a timeframe 
of 100 years for global warming. The calculation creates the CO2 equivalents (CO2eq) 
of the final product. This unit is used in the assistance system but it is also possible 
to export a full report about the other impact categories such as different ecotoxicities 
in kg 1.4 dichlorobenzene (1.4-DB) eq or terrestrial acidification in SO2eq. After the 
environmental impact calculation of the production scenario, the results are returned to 
the multi scenario analyzer. The tool is then going to find the optimal scenario relating 
to the environmental impact by variation of parameters and completely different scenar- 
ios. Therefore, established optimization methods are used. The most applied method in 
literature to integrate LCA optimization is the multi-objective optimization where the 
Pareto set is generated by an e-constraint method [13]. The calculated optimum is then 
handed over to the simplifier. Here, the calculation units are prepared for the graphical 
display in the CAD software plug-in. 
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In this section, a practical execution of the support in the CAD pre-phase (before CAM 
simulation) is shown. Therefore, it is not necessary to have any knowledge in CAM sim- 
ulation. The designer can operate the assistance system in his familiar feature-modeling 
environment. The investigated validation object is a part of a pneumatic cylinder which 
is manufactured in CiP - Center for Industrial Productivity (Process Learning Factory) at 
the Technical University Darmstadt by CNC milling. It is the top cover of the pneumatic 
cylinder assembly and can be seen on the left side in Fig. 1. 

Inside the CAD software, the designer can activate the assistance system as a new 
feature or function in the main toolbar. The used software in this case is Siemens NX 
1926. After activating the new feature, the model is analyzed by the simplifier and 
the relevant dimensions of the complete model are merged into a volume in which 
the hole model fits. This can be either a cylinder or a block volume. Both are created 
first and the volume with the smaller content is selected afterwards. This represents the 
minimum of the required blank volume for the CNC milling and a value of 52737.50 mm? 
was determined. An offset off 5 mm in every direction is added which fulfills typical 
geometric tolerances for the milling process and clamping device attachments. The 
offsets in the different directions can be changed manually as well as the suggested 
positions of the clamping devices. 

The assistance system checks now if there is a material assigned to the CAD model. 
In this case, an aluminum material without further details, such as alloys, is assigned 
in the CAD system. As a next step, different aluminum production scenarios will be 
considered. If no material is assigned, the tool checks different production scenarios 
for typical CNC metal materials. The first production process for aluminum depending 
on the user’s location is created. The groundwork for this scenario is a pre-defined 
process in the ProBas + database. The LCA is performed with the ReCiPe Midpoint 
hierachist (H) method. The first result is a climate change impact of 32.32 kg COzeq 
for the raw material with the required dimensions for the pneumatic cylinder top cover. 
After four more calculations of completely different aluminum production scenarios, a 
minimum is found at 1.34 kg COzeq. The high difference between the values is due to 
different variations in energy production in the different aluminum production scenarios. 
This value is transferred back to the CAD plug-in. Moreover, the minimum volume is 
shown and a report can be created for the other environmental impacts such as human 
toxicity or freshwater eutrophication of the detailed assumed production scenario. If no 
detailed report is required, the COzeq value can be stored in the CAD model as a product 
manufacturing information (PMI) as is it can be seen in Fig. 1. 

The minimum needed raw material block for the whole model can be seen in the 
middle. Typically, a raw material block has some kind of offset regarding to defined 
products by a manufacturer or attachments in the CNC machine. Moreover, geometric 
tolerances have to be fulfilled in the following manufacturing process. A minimum of 
5 mm in every direction is a common offset to meet these requirements. The offset has a 
significant impact of the CO2eq value for the raw material. The value increases by 127% 
to 3.04 COzeq. 

A second feature of the assistance system is to give a recommendation to lower 
the environmental impact of the model. This could either be a change of material or 
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Fig. 1. Top cover of the pneumatic cylinder assembly (left), COzeq of a minimum required 
aluminum block for the top cover without offset (middle) and with 5 mm offset and symbolic 
clamping attachments (right) 


a change of dimensions. A minimum impact of the aluminum production was already 
determined. A suggestion for changing the material is given only if the material has not 
been specified before. For a block volume, the model is analyzed and different possible 
reductions are considered. One possibility is given in Fig. 2: 


fs 1.07 kg CO2eq 


r | RE Tit 
Fig. 2. Suggestion for a 3 mm reduction in height of the original CAD model to reduce CO2eq 


The originally designed top cover has a height of 15 mm. The assistance system 
displays the reduction of the CO2 equivalents if the general height of the CAD model is 
reduced. In this case, a reduction of 3 mm is shown. The CO? equivalents are proportional 
to the outer dimensions of the minimum box, so that the value decreases by 25 percent 
to 1.07 kg COzeq. When the offset of 5 mm is also considered, a reduction by 13 percent 
to 2.67 kg COzeq is calculated. The suggested reduction of the height of the original 
CAD model can also be manually be changed and the impacts are shown immediately. 


5 Conclusion 


LCA methods are the key to quantify environmental impacts of products. By quanti- 
fying the different impacts, decision-making in the design process of products can be 
optimized. Therefore, the LCA methods have to be integrated in the design process to 
visualize the environmental impacts. The usage of LCA methods is often complex and 
time-consuming, so that expertise is required. In a typical design process, the designer 
does not have LCA methods expertise which is why it is not possible to quantify the envi- 
ronmental impact of his decisions. When it comes to manufactured products by CNC, it 
is also acommon practice, that the designer is not involved in the manufacturing process 
at all. Consequently, the designer has no expertise in using CAM simulations for the 
CNC process. The presented approach combines LCA methods and CAM simulations 
in a way that a designer can track the impacts of his decisions in the very first phase of 
the CAD model. Especially designing a whole new product, the environmental impact 
cannot be evaluated from existing manufactured product generations. Related on find- 
ings of literature and past research projects, the raw material of an CNC manufactured 
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product regarding metal materials has the biggest value of the environmental impact and 
in particular of the carbon footprint. This knowledge is used to implement an assistance 
system that calculates the environmental impacts and visualize the impacts as simply as 
possible. This leads to a designer’s support without great knowledge neither in LCA cal- 
culations nor in CAM simulations. Furthermore, the assistance system is taking different 
production scenarios into account in order to get a minimum value of the CO2eq. This 
production scenario can be shown in a detailed report, so that transparency of the LCA 
calculation is given. Besides the CO2eq which represents an established value for climate 
change, other values can be seen in the report such as acidification or eutrophication. 

In this approach, it is assumed that climate protection will be the most important goal 
in the upcoming years. Therefore, efforts must be made to keep the carbon footprint of 
new products as small as possible, even if not much information about the product is 
available yet. Currently, companies are faced with the conflicting goals of keeping the 
price as low as possible and the carbon footprint as small as possible. In certain situations, 
this does not go hand in hand and due to larger economic interests, the lower price 
is chosen. Policies in the coming years may change this towards high costs of CO2 
emissions or CO2 equivalents and companies need to pay particular attention to the 
environmental impact of their decisions. In these decisions the presented approach should 
support a designer in an understandable and transparent way with simple assumptions. 

Although it has been shown in past projects and literature that the raw material has 
the greatest influence factor in CNC production of metal materials, this still needs to be 
validated in further studies, especially in relation to the size of the product or a possible 
reduction of the offset. Of further interest are also the production costs, which must first 
be determined in order to integrate them into the model. In addition, other materials need 
to be investigated such as plastics. Also, the different metallic alloys for CNC milling 
and their post-processing needs to be balanced holistically. With regard to the selected 
production scenarios, it must be noted that companies are usually limited in their choice 
of suppliers. On the one hand, prices can be lowered if large quantities are purchased, and 
on the other hand, attention must also be paid to the availability of the required material. 
The assumed production scenario therefore represents an ideal case for minimizing the 
footprint. However, a new balancing of the environmental impacts must be carried out 
once the supply chain has been determined. 
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Abstract. Due to customers’ increased focus on environmental sustainability, 
companies have been looking to position themselves as producers of consumer 
goods with greater longevity. Useful tools exist within academia to assist compa- 
nies in this transformation process. However, the knowledge is scattered, and the 
focus of tools is often on either the mapping of companies’ status quo or action- 
able solutions that increase the longevity of their products. Creating a common 
understanding and coherency to make the knowledge usable in practice has proven 
to be difficult, as an immediate match of the most appropriate action tools to the 
mappings does not exist. Therefore, there is a need for a practical transition tool 
that, in the process of mapping, assists companies in understanding their positions 
and potential and proposes suitable action tools to assist in the required change 
process for producing consumer goods with greater longevity. This could miti- 
gate the challenges for practitioners and bridge the different types of tools, hence 
enabling companies to develop products with increased longevity more easily. 


Keywords: Sustainability - Tool - Product Longevity - Circular Economy 


1 Introduction 


Due to the rising global demand from consumers for sustainability, companies compete to 
position themselves in unique ways and deliver environmentally sustainable initiatives. 
Recycling, limiting plastic usage, lowering energy consumption and reducing produc- 
tion emissions have been among the main foci until now. However, the perception of 
product longevity as an important and effective element in the circular economy debate 
(Cooper 2020) and as a quality parameter (Cooper 2012) has raised demand for business 
and design methods to increase the longevity of their products. This paper adopts the 
definition presented by Bocken et al. (2016) that increased product longevity relates to 
slowing the consumption loop, with focus on the lifetime of a complete product including 
repair, multiple ownerships and remanufacturing but excluding recycling and upcycling, 
where the product is broken into sub-parts and used in new contexts. 

For companies engaging with change towards producing consumer goods with 
greater longevity there exist several approaches, ranging from ways to increase the 
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physical durability of products to adapting product service systems into business mod- 
els (Jensen et al. 2021.a; Kopecka et al. 2011; Verganti et al., 2011). How a company 
chooses to execute these can be difficult to decide in practice, however, as it depends 
on that company’s attitude, willingness, investment and structure regarding the subject; 
consequently, the approaches suggested in the literature may be difficult for practitioners 
to utilise. This perception has also produced considerable fragmentation and theoreti- 
cal confusion in academia. No common understanding exists regarding how to assist 
the navigation of an industry practitioner who aims to increase the longevity of their 
products (Bocken et al. 2019). 

In this article, we adopt the perception that two types of tools exist for longevity: 
mapping and action. Mapping tools can provide a momentary view of a company’s 
current situation, position and ambitions on a structural level towards product longevity. 
Action tools, on the other hand, are mostly focused on progress—how to enable change 
in a company and the necessary steps towards this. Hence, many tools already exist that 
can assist practitioners in most stages of product life and provide support in change 
towards developing viable products with greater longevity. Even so, it can be difficult 
for practitioners and researchers to define which insights to combine; it is challenging 
to translate the discoveries from the use of a mapping tool into more actionable tools 
and, in the end, into practically executable approaches (see Fig. 1). 


Current 


misalignment Mapping toolkits Action toolkits 


Internal mapping Facilitating 
& alignment H change 


‘Knowledge transfer 


* Y 
Proposed bridge 
between tools Navigation toolkit Action toolkits 


Internal mapping & alignment, | —>»> Facilitating 
and proposed action toolkits change 


Fig. 1. Misconnection between mapping tools and action tools, and the proposed new navigational 
tool that facilitates bridging the current literature. 


To mitigate these challenges and move the field towards a more unified process, an 
integrative understanding is needed. We propose a new navigation tool, synthesising the 
existing mapping tool, which could provide a bridge between mapping and understanding 
possibilities and creating the required change. Hence, we propose the following research 
question: 

How can a new tool bridge existing mapping tools and action tools for product 
longevity to be more practically usable by industry practitioners? 


2 Research Approach 


To address this research question, an in-depth identification of existing tools for product 
longevity is necessary. 
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2.1 Phase 1: Identifying Existing Literature on Product Longevity Tools 


The literature for this paper was identified in a three-stage process. First, a screening 
of the literature in Bocken et al.’s (2019) review of circular business innovation tools 
provided a solid basis of 13 tools and broad coverage of the existing tools. Second, 
through a forthcoming review of tools for product longevity by Özçelik et al. (2022), 
five additional relevant articles were added. Two tools produced by research teams led by 
one of the co-authors were also added (Cooper et al. 2016, 2021). Furthermore, a broad 
database search across Scopus, SciTech Premium Collection, DOAJ, ABI/INFORM 
Collection and Springer Online Journals Complete was conducted using the search term 
“product longevity” AND “tool”, including peer-reviewed and open-access journal 
articles, book chapters and books. The search resulted in 124 articles that were screened, 
firstly by abstract then full text filtering, and narrowed down to 17 relevant papers on 
tools for longevity. In total, 37 articles were selected. App. 1 presents all the identified 
literature through the two-stage process and an overview of the format of the tools 
presented. 


2.2 Phase 2: Clustering Types of Tools 


As previously described, when looking at the identified literature on tools in App. 1, two 
major differences in the aims of the tools are apparent. On the one hand, several tools 
enable companies to understand their position broadly and assist in mapping out their 
aims, direction, goals and progression through a structured process. These are defined 
in this article as ‘mapping tools’. On the other hand, several tools guide participants 
through actionable suggestions for transformation; these are referred to as ‘action tools’ 
in this article. The distinction seen in the clustering is further emphasised by the mention 
in the existing articles by the authors that tools are used to understand either the current 
situation (mapping tools) or how to change it (action tools). 


Mapping Tools. Mapping tools provide participants with increased insight into their 
company’s position and maturity, focusing on the general process at the managerial 
level and having a broad focus across different departments within a company. This can 
be helpful for practitioners aiming to produce consumer goods with greater longevity; 
however, evaluating the impact of a mapping tool is limited to the ability of participants 
to execute sub-activities that are often not thoroughly described. The identified mapping 
tool literature is displayed in App. 2. Because these tools vary in their approaches, focus 
and paradigm, they aim to help different stakeholders, so selecting the correct tool, that 
suit users’ situations, is crucial. 

This understanding of the basis of the methodology is crucial for achieving transfor- 
mation towards developing products with greater longevity. Likewise, the overview of 
the stakeholders combined with the mapping provides information for the evaluation and 
selection of areas approachable for transformation in a given company and the extent of 
the transformation. 


Action Tools. There also exists a range of action tools aimed at subprocesses within 
the transformation process. These tools provide the necessary knowledge to overcome 
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the more specific challenges and barriers faced by designers or managers. However, 
participants need to be aware of their position, limitations and opportunities to success- 
fully select the appropriate action tool. The identified action tool literature is displayed 
in App. 3. Through these tools, practical approaches to transformation should emerge 
that incrementally drive companies towards producing consumer goods with increased 
longevity. 


3 Results of the Metatheoretical Analysis 


The two types of tools have contrasting strengths and weaknesses. Using mapping tools 
and action tools in the most relevant practical situation can assist practitioners in making 
more knowledgeable decisions in the incremental change process. In an ideal situation, 
perceiving the process of using these tools can be seen as an iterative process that starts 
with a practitioner acknowledging the need for change, leading to the selection and 
execution of a mapping tool, followed by the use of action tools, which leads to practical 
change. 

In some situations, to enable the use of action tools (App. 3) for the application 
of concrete actionable initiatives, practitioners need to be aware of their situation and 
opportunities. Existing mapping tools (App. 1) may provide an effective foundation 
for companies to increase awareness of opportunities, challenges and barriers, hence 
enabling them to make more conscious decisions regarding the selection of approaches 
and action tools. However, the current mapping tools lack a direct connection to the 
action tools and therefore do not bridge practical understanding and action. 


4 Development of a Navigation Tool that Integrates Existing 
Knowledge and Bridges the Actionable Literature 


We propose, with inspiration from the circular representation of product life in Sinclair 
et al. (2018), an overview of a product’s life as a circle. The circle is divided into 
three spatial levels indicating the main ownership and stakeholders responsible for the 
longevity of the product, namely the designers and developers, businesses and the user, 
inspired by the stakeholders identified by Jensen et al. (2021.b) in their exploration of 
barriers to product longevity (see Fig. 2.). 


urng 


Fig. 2. Representation of product life, divided into three spatial fields in the LaST tool. 
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Based on the focus of the action tool, as seen in App. 3, the most influential life 
stages are included in the LaST navigational tool (Fig. 3). To bridge the LaST tool with 
the action tools (App. 3), the selection of the most relevant life stages is based on the 
life stages that the individual action tools mention and address, thereby aiming each 
subdivision of the spatial field towards appropriate action tools. 


1: Idea Generation 9: Business Development 
2: Value Proposition 10: Advertisement 
3: Design Brief 11: Market Introduction 


4: Design Conceptudilisation 12: User Engagement 
5: New Product Development 13: Ownership 

6: Manufacturing 14: Re-Systems 

7: Suppliers and Sub-Suppliers 15: Disposal 

8: Product Universe 


Fig. 3. Sub-divisions of the spatial fields into smaller subdivisions of product life. 


To facilitate evaluation criteria for users of the LaST tool, evaluation parameters are 
likewise considered in the toolkit (Fig. 4.). These are based on the focus of proposed 
solutions, namely performance, behaviour or vision (inspired by Jensen et al. 2021.b). 
Performance-driven approaches mainly focus on the physical characteristics of products 
and their performance, while behaviour change—driven approaches focus on how busi- 
nesses can influence customers and create more value through service, business model 
and behaviour. The vision-driven approaches include determining if the company’s app- 
roach to product longevity is a core value for it and collectively communicating the value 
of product longevity through product, business and customer engagement. The closer 
to the centre of the circle in each subdivision, the more holistic is the approach; the 
further away from the circle, the more product-orientated are the solutions presented. To 
incrementally move further towards the centre of the circle, action tools found in App. 3 
that are linked to the specific subdivision can be applied. 


C: Performance Driven Approaches 
B: Behaviour Change Driven Aproaches 
A: Vision Driven Approaches 


Fig. 4. Evaluation parameters of the LaST tool. 


5 Conclusion and Limitations 


Current literature reveals a disconnection between tools that assist practitioners in iden- 
tifying their potential in terms of product longevity and those that assist in making the 
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actual change. The main contribution of this paper is the creation of a navigation tool that 
binds together the knowledge from existing mapping tools and creates a direct link to 
the existing action tools, while facilitating the transition through incremental change in 
product life. The LaST tool could be used for companies that are inexperienced in con- 
sidering product longevity and utilised repeatedly throughout a period, as incremental 
changes can facilitate continuous development within the field and improve the longevity 
of products. Participants are likely to benefit from repeating and adapting the method- 
ology to new avenues of improvement, and it is important to explore newly discovered 
knowledge gaps or secondary business areas for improvement. 

As highlighted by this paper, there are gaps within the connection between academia 
and practice in product longevity. An interesting avenue for future research might there- 
fore be to investigate the connection between the action tools and the long-term impact 
on product longevity, company revenue and environmental implications. Likewise, an 
exploration of a company’s willingness to adopt new and more explorative business 
models to improve product longevity could be valuable. 


Appendix: 


App. 1. Complete list of the identified literature through Bocken et al. (2019), özçelik 
et al. (2022), co-authors and a supplementary literature search. 


Author Title 


Mendoza J.M.F., et al. (2017) Integrating Backcasting and Eco-Design for 
the Circular economy: The BECE Framework 


Sinclair M., et al. (2018) Consumer intervention mapping: A tool for 
designing future product strategies within 
circular product service systems 


Hainess-Gadd, H., et al., D. (2018) Emotional durability design nine-A tool for 
product longevity 


Evans S. and Bocken N. (2014) A tool for manufacturers to find opportunity in 
the circular economy 


Heyes G., et al. (2018) Developing and implementing circular 
economy business models in service-oriented 
technology companies 


Whalen K., et al. (2018) ‘All they do is win’: Lessons learned from the 
use of a serious game for circular economy 
education 

Whalen, K. (2017) Risk and race: Creation of a finance-focused 


circular economy serious game 


Bocken, N., et al. (2018) Experimenting with a circular business model: 
Lessons from eight cases 


Antikainen M., et al. (2017) Circular economy business model innovation 
process—Case study 


(continued) 
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(continued) 


Author 


Title 


Bocken N., Miller K., Evans, S (2016) 


Assessing the environmental impact of new 
circular business models 


Manninen K., et al. (2018) 


Do circular economy business models capture 
intended environmental value propositions? 


NuBholz J.L.K. (2018) 


A circular business model mapping tool for 
creating value from prolonged product lifetime 
and closed material loops 


Pigosso D.C.A., et al. (2018) 


Measuring the Readiness of SMEs for 
Eco-Innovation and Industrial Symbiosis: 
Development of a Screening Tool 


Jensen, P. B., et al. (2021) 


Barriers to product longevity: A review of 
business, product development and user 
perspectives 


Dokter, G., et al. (2020) 


Cards for circularity: Towards circular design 
in practice 


Jensen, P. B., et al. (2021) 


A practical approach to companies’ 
transformation toward product longevity: A 
best-case study 


Rexfelt, O., Selvefors, A. (2021) 


The use2use design tool—Tools for 
user-centred circular design 


Garza-Reyes, J. A., et al. (2019) 


A circularity measurement tool for 
manufacturing SMEs 


Cooper, T., et al. (2021) 


Clothing Durability Dozen: Strategies to 
improve design and testing for clothing 
longevity 


Cooper, T., et al. (2016) 


Dirt, Damage, Servicing and Repair: 
Understanding motivations for product 
disposal 


Roberts, D., and Hughes, M. (2014) 


Exploring consumers’ motivations to engage 
in innovation through co-creation activities 


Hora, M., et al. (2016) 


Designing Business Models for Sustainable 
Mass Customization: A Framework Proposal 


Yang, M., et al. (2018) 


The Management of Operations 
Product-service systems business models for 
circular supply chains 


Wastling, T., et al. (2018) 


Design for Circular Behaviour: Considering 
Users in a Circular Economy 


Cherry, C. E., & Pidgeon, N. F. (2018) 


Why Is Ownership an Issue? Exploring 
Factors That Determine Public Acceptance of 
Product-Service Systems 


(continued) 
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(continued) 


Author 


Title 


Wallner, T. S., et al. (2020) 


An Exploration of the Value of Timeless 
Design Styles for the Consumer Acceptance of 
Refurbished Products 


Albek, J. K., et al. (2020) 


Circularity Evaluation of Alternative Concepts 
During Early Product Design and 
Development 


Terzioglu, N., & Wever, R. (2021) 


Integrating Repair into Product Design 
Education: Insights on Repair, Design and 
Sustainability 


Moalem, R. M., and Mosgaard, M. A. (2021) 


A Critical Review of the Role of Repair Café s 
in a Sustainable Circular Transition 


Bocken, N. M. P., et al. (2015) 


Value mapping for sustainable business 
thinking 


Rogers, J. G., et al. (2015) 


Product longevity and shared ownership: 
Sustainable routes to satisfying the world’ s 
growing demand for goods 


Chapman, J. (2009) 


Design for (Emotional) Durability 


Boavida, R., et al. (2020) 


A Combined Use of TRIZ Methodology and 
Eco-Compass tool as a Sustainable Innovation 
Model 


Choi, Y. J., et al. (2018) 


Carative Factors in the Design Development 
Process: Towards Understanding 
Owner—Object Detachment and Promoting 
Object Longevity 


Haug, A., (2018) 


Defining ‘Resilient Design’ in the Context of 
Consumer Products Defining ‘Resilient 
Design’ in the Context of Consumer Products 


Gregori, E. J. S. P., and Wdowiak, I. K. M. A. 
(2021) 


Entrepreneurial lean thinking for sustainable 
business modeling: a workshop design for 
incumbent firms 


Rivera-torres, P. (2019) 


Is It Possible to Change from a Linear to a 
Circular Economy? An Overview of 
Opportunities and Barriers for European Small 
and Medium-Sized Enterprise Companies 
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Author 


Garza-Reyes, et al. (2019) 


Title 


A circularity measurement tool 
for manufacturing SMEs 


Type of situation where tool 
is applicable 


Measurement tool to identify 
SMEs’ current maturity 
through an evaluation of 
circularity practices. 
Executed through a 
questionnaire 


Sinclair M., et al. (2018) 


Consumer intervention 
mapping: A tool for designing 
future product strategies within 
circular product service 
systems 


Identifying the possible 
intervention points for 
companies to improve 
circularity in relation to 
customers. Executed through 
collective discussion of 
participants 


Jensen, P.B., et al. (2021) 


Barriers to product longevity: 
A review of business, product 
development and user 
perspectives 


List of barriers that can 
hinder the development of 
products with high longevity. 
Serves as a foundation for the 
discussion of possible 
overlooked challenges 


Pigosso D.C.A., et al. (2018) 


Measuring the readiness of 
SMEs for eco-innovation and 
industrial symbiosis: 
Development of a screening 
tool 


A screening tool to measure 
the readiness for SMEs to 
adopt circularity initiatives 
through discussion based on a 
questionnaire 


Jensen, P. B., et al. (2021) 


A practical approach to 
companies’ transformation 
toward product longevity: A 
best-case study 


Creates a foundation for 
understanding different 
maturity levels of companies, 
based on their perspective 
and focus in product, 
business and focus area 
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App. 3. List of action tools based on the identified literature. 


Author 


Title 


Type of situation where tool 
is applicable 


Dokter, G., et al. (2020) 


Cards for circularity: Towards 
circular design in practice 


Idea generation, design brief, 
and design conceptualisation 
process 


Hainess-Gadd, H., et al. 
(2018) 


Emotional durability design 
nine-A tool for product 
longevity 


Design brief, new product 
development, Ownership 


Rexfelt, O., Selvefors, A. 
(2021) 


The use2use design 
tool—Tools for user-centred 
circular design 


Idea generation and 
re-systems and Product 
Universe 


Evans, S., Bocken N. (2014) 


A tool for manufacturers to 
find opportunity in the circular 
economy 


Idea generation, 
manufacturing, and business 
development 


Heyes G., et al. (2018) 


Developing and implementing 
circular economy business 
models in service-oriented 
technology companies 


Business development 


Mendoza, J.M.F. et al. (2017) 


Integrating backcasting and 
eco-design for the circular 
economy: The BECE 
framework 


Business development 


Cooper, T., et al. (2016) 


Dirt, Damage, Servicing and 
Repair: Understanding 
motivations for product 
disposal 


Idea generation, design 
conceptualisation 


Bocken, N., et al. (2018) 


Experimenting with a circular 
business model: Lessons from 
eight cases 


Value Proposition, Design 
Brief, and Design 
Conceptualisation 


Antikainen M., et al. (2017) 


Circular economy business 
model innovation 
process—Case study 


Business Development and 
Market Introduction 


Bocken N., et al. (2016) 


Assessing the environmental 
impact of new circular 
business models 


Manufacturing and Business 
Development 


Manninen K., et al. (2018) 


Do circular economy business 
models capture intended 
environmental value 
propositions? 


Value Proposition, Design 
Brief, Business Development 
and Disposal 
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Author 


NuBholz, J.L.K. (2018) 


Title 


A circular business model 
mapping tool for creating 
value from prolonged product 
lifetime and closed material 
loops 


Type of situation where tool 
is applicable 


Business development, 
Re-systems, and Market 
Introduction 


Whalen, K., et al. (2018) 


‘All they do is win’: Lessons 
learned from the use of a 
serious game for circular 
economy education 


New Product development, 
Manufacturing and Suppliers 
and Sub-suppliers 


Whalen, K. (2017) 


Risk and Race: Creation of a 
finance-focused circular 
economy serious game 


Business Development, 
advertisement, market 
introduction 


Cooper, T., et al. (2021) 


Clothing Durability Dozen: 
Strategies to improve design 
and testing for clothing 
longevity 


Idea generation, Design Brief 
and Business development 


Roberts, D., and Hughes, M. 


(2014) 


Exploring consumers’ 
motivations to engage in 
innovation through co-creation 
activities 


Business development, User 
Engagement and Ownership 


Hora, M., et al. (2016) 


Designing Business Models 
for Sustainable Mass 
Customization: A Framework 
Proposal 


Business Development, 
advertisement, and User 
Engagement 


Yang, M., et al. (2018) 


The Management of 
Operations Product-service 
systems business models for 
circular supply chains 


Suppliers and sub-suppliers, 
Business Model 


Wastling, T., et al. (2018) 


Design for Circular Behaviour: 
Considering Users in a 
Circular Economy 


User Engagement, 
Ownership, Re-systems 


Cherry, C. E., & Pidgeon, N. 


F. (2018) 


Why Is Ownership an Issue? 
Exploring Factors That 
Determine Public Acceptance 
of Product-Service Systems 


Business Development, User 
engagement, and Ownership 


Wallner, T. S., et al. (2020) 


An Exploration of the Value of 
Timeless Design Styles for the 
Consumer Acceptance of 
Refurbished Products 


New Product Development, 
Ownership, and Disposal 


(continued) 
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(continued) 


Author 


Albæk, J. K., et al. (2020) 


Title 


Circularity Evaluation of 
Alternative Concepts During 
Early Product Design and 
Development 


Type of situation where tool 
is applicable 


Idea Generation, Design 
Brief, and Design 
Conceptualisation 


Terzioglu, N., & Wever, R. 
(2021) 


Integrating Repair into Product 
Design Education: Insights on 
Repair, Design and 
Sustainability 


Design Conceptualisation and 
New Product Development 


Moalem, R. M., and 
Mosgaard, M. A. (2021) 


A Critical Review of the Role 
of Repair Café s ina 
Sustainable Circular Transition 


Ownership, Re-systems, and 
Disposal 


Bocken, N. M. P., et al. (2015) 


Value mapping for sustainable 
business thinking 


Business Development, 
Market Introduction 


Rogers, J. G., et al. (2015) 


Product longevity and shared 
ownership: Sustainable routes 
to satisfying the world’ s 
growing demand for goods 


Business Development, 
Re-systems, and User 
Engagement 


Chapman, J. (2009) 


Design for (Emotional) 


Design Conceptualisation, 


Durability New Product Development, 
and Ownership 
Boavida, R., et al. (2020) A Combined Use of TRIZ Idea Generation, Design 
Methodology and Brief, and Design 


Eco-Compass tool as a 
Sustainable Innovation Model 


Conceptualisation 


Choi, Y. J., et al. (2018) 


Carative Factors in the Design 
Development Process: 
Towards Understanding 
Owner-Object Detachment 
and Promoting Object 
Longevity 


New Product Development, 
Ownership, and Disposal 


Haug, A., and Haug, A. 
(2018) 


Defining ‘Resilient Design’ in 
the Context of Consumer 
Products Defining ‘Resilient 
Design’ in the Context of 
Consumer Products 


Design Conceptualisation, 
New Product Development 


Gregori, E. J. S. P., and 
Wdowiak, I. K. M. A. (2021) 


Entrepreneurial lean thinking 
for sustainable business 
modelling: a workshop design 
for incumbent firms 


Business Development, User 
Engagement, and Ownership 
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(continued) 


Author Title Type of situation where tool 
is applicable 
Rivera-torres, P. (2019) Is It Possible to Change from a | Business Development, 


Linear to a Circular Economy? | Ownership 
An Overview of Opportunities 
and Barriers for European 
Small and Medium-Sized 
Enterprise Companies 
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Abstract. Integrating sustainability into product design is a proactive circular 
economy practice and design for disassembly is an essential eco-design practice 
for complex product manufacturers. Today, industry 4.0 technologies have consid- 
erable influence on product life cycle management, and a few studies address the 
contributions of these technologies to eco-design methods. Designing the appro- 
priate eco-design tool is challenging considering the complexity of products, orga- 
nizational instruments, the need for integrating diverse databases, customization 
of the tool, and incorporating the strategic goals. Hence, a systematic approach is 
required to address the implications of innovative technologies and integrate the 
different technical, economic, environmental, and social aspects into the design 
stage. Quality function deployment (QFD) is an effective approach to integrating 
customers, technical, and business requirements into new product development. 
Fuzzy Sustainable QFD is an extended version of this method for considering three 
pillars of sustainability in design and dealing with qualitative linguistic judgments. 
This paper proposes a Fuzzy sustainable QFD approach to design for disassembly. 
A numerical example illustrates the application of the proposed method. 


Keywords: Fuzzy Sustainable QFD - Industry 4.0 - Design for disassembly 
(DfD) - Decision support tool 


1 Introduction 


Developing an effective decision tool for DfD is essential considering several features 
including integrating different product databases, the results of the life cycle and life cost 
analysis, facilitating the work of designers with visualization capacity, and multivariant 
analysis [1, 20]. The contemporary trends in DfD are improving disassembly conditions 
by using advanced technologies, automation by robots, standardization of the process, 
waste elimination, and incorporation of human factors. This study aims to develop a sus- 
tainability tool for benchmarking the application of recent technologies in disassembly 
based on design features. A fuzzy sustainable QFD approach is developed to consider the 
ease of disassembly, disassembly performance as well as sustainability criteria to assess 
Industry 4.0-driven disassembly. The rest of the paper is organized as follows: Sect. 2 
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provides a literature review, and the proposed model is discussed in Sect. 3. Section 4 
provides a numerical example and finally, Sect. 5 concludes with some remarks. 


2 Literature Review 


In this section, a brief review of factors affecting the disassembly process, innovative 
technologies, and applications of the fuzzy QFD approach is provided. 


2.1 Design for Disassembly 


Crowther [2] discussed the core elements of DfD including the life cycle steps (plan- 
ning, design, manufacturing/construction, operations, and decommissioning), strategies 
(reusing, recycling, quality, and reducing hazardous material), and resource impacts 
(material, energy, land, and water impacts). The principles and best practices for DfD 
include reducing hazardous material, reducing the complexity, number of components, 
and material mix, reducing connection and fasteners, and facilitating the logistics of 
disassembly operations [2]. Bogue [3] also discussed the importance of DfD and its 
principles. The author discussed that three principles including material selection, com- 
ponent design, architecture, and the fasteners design should be considered [3]. The author 
concluded that DfD is not only for regulatory compliance but also can enhance the effi- 
ciency and the products’ environmental performance. Fadhilah Arisya and Suryantini 
[4] discussed the great advantages of modularity design in sustainability and circular 
architecture. Cheng et al. [5] discussed DfD in electric rice cooker. They mentioned 
five influential factors in DfD including material, structure, joints /connection, charac- 
teristics of the parts, and disassembly conditions. Soh et al. [6] discussed the challenges 
of DfD based on technology, methodology, and human factors. The authors explained 
that despite optimizing the sequence planning, the operators may face difficulties in 
accessing the parts and fasteners [6]. For the human factors, the authors explained the 
importance of ergonomic and safety factors. Cappelli et al. [7] developed an optimiza- 
tion model for sequence planning in disassembly. The authors used an algorithm in 
a Computer-Aided Design (CAD) environment for considering the complexity of the 
number of parts and the relationship between them [7]. Abuzied et al. [8] reviewed the 
current trends in DfD technologies and discussed the active disassembly approach. They 
classified the techniques into two categories. The first is a disassembly embedded design 
that considers facilitating the disassembly by using thermal, electrical, mechanical, or 
electromagnetic triggers. The second approach is active disassembly which uses smart 
material and structure for disassembly operations. They also discussed three essential 
criteria for disassembly including easy demanufacturing, reducing time for operation, 
and increasing the material and components recovery rate [8]. 


2.2 Industry 4.0 and Design for Disassembly 


Recently scholars focused on the application of advanced technologies and industry 4.0 
in DfD. For example, Freddi and Frizziero [9] discussed the advantages of Augmented 
Reality (AR) in the disassembly of parts during maintenance tasks. They explained that 
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visualization of the product can aid in maintenance operations and enhance safety fea- 
tures. The collaborative technologies can facilitate visualization of the virtual component 
in relative spatial position for further assessment [9]. Frizziero et al. [10] developed an 
optimization model for sequence planning of disassembly operations for a gearbox and 
then they used AR for demonstrating of 3D model of the sequences to facilitate the tasks 
for operators. AR can facilitate understanding the real dimension of the parts and com- 
ponents and aid in real disassembly operations [10]. Chang et al. [11] provided a review 
of the methods and the challenges for product disassembly. They explained that Virtual 
Reality (VR) and AR technology are promising in DfD as the techniques such as design 
for modularity and reducing the number of fasteners could be visualized and assessed 
with these technologies. Furthermore, AR-guided disassembly operation can reduce the 
operation time and aid manual disassembly [11]. Kerin and Pham [12] conducted a sys- 
tematic review of applications of Industry 4.0 technologies in remanufacturing. They 
mentioned AR/VR as a new trend in remanufacturing. However, in terms of application 
and designing the decision tools, it is at an infancy stage [12]. Keivanpour [1] developed 
a conceptual framework for the application of Industry 4.0 in DfD. The author men- 
tioned four elements for this model: value-driven approach, visualization and enhancing 
the design environment, co-creation design, and use of artificial intelligence techniques 
such as machine learning and fuzzy logic) in optimizing the operational tasks. The com- 
bination of 3D animation modeling of parts, CAD data, and VR/AR can improve DfD 
[1, 19]. Collaborative robots are also current trends in the application of Industry 4.0 in 
disassembly. Huang et al. [13] discussed the application of cobots in the disassembly of 
repetitive, heavy, and dangerous operational tasks. Moreover, it is a more cost-efficient 
solution than an automated disassembly. Felder et al. [14] also discussed the advantages 
of collaborative robots in the flexibility of disassembly cells and cost reduction. 


2.3 Fuzzy Quality Function Deployment 


Bevilacqua et al. [15] developed a fuzzy QFD approach for supplier selection. The 
authors used fuzzy numbers to consider the linguistic variables and the relative impor- 
tance of the criteria in ranking the suppliers. Bottani and Rizzi [16] developed a fuzzy 
QED approach to logistics service management. The fuzzy number is used to deal with 
the qualitative linguistic judgment of the decision-makers. Yang et al. [17] developed a 
fuzzy QFD approach to design for remanufacturing. They used the case of car remanu- 
facturing for demonstrating the proposed approach. They considered the technical and 
environmental criteria in the proposed QFD model. The synthesis of the literature review 
highlights the following points: 


e The human factors and technological advancement should be integrated into designing 
the decision tool for DfD. 

e Integrating three pillars of sustainability in QFD in developing the DfD tool is fresh. 
Romli et al. [18] integrated life cycle assessment into the QFD approach for eco-design 
decision-making. However, the social criteria have not received much attention in the 
literature. 
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e Fuzzy sustainable QFD is an effective approach to considering the implication of 
Industry 4.0 technology at the design stages, uncertainties in linguistics judgment of 
decision-makers, and integration of environmental, social, and economic factors. 


3 Proposed Model 


QFD is a quality management tool for integrating the customers’ requirements and prod- 
ucts’ technical characteristics into the design stage. It includes customers’ requirements 
features, the relevance of these features, and the product characteristics. It also comprises 
the correlations of the technical criteria, the relation matrix that address the relationship 
between customers’ attributes and technical factors, and the weights and final scores 
for comparing the design options based on technical and customers’ requirements. A 
sustainable fuzzy QFD approach is an extending version of QfD for integrating sus- 
tainability attributes and considering uncertainties and inaccuracies of decision makers’ 
opinions. The proposed conceptual framework and the method are presented in Fig. 1. 
For the sustainability attributes of disassembly, ease of disassembly, operation perfor- 
mance, and environmental and social performance are considered. The technical criteria 
include the technical features of the product and the environmental and social impacts. 
The comparative analysis includes benchmarking between the technological options, 
calculating the score of options, the relative weights, and the final relative score. There 
are different fuzzy numbers. In this study, triangular fuzzy numbers for addressing corre- 
lations among attributes and the importance of factors are used. For weak relationships, 
7 (1, 2, 3), medium f (4, 5, 6), and strong f (7,8,9) are considered. The linguistic variable 
of fuzzy number f (7,8,9) means the evaluation is between 7 and 9, with the maximum 
degree of membership 8. Multiplication of the elements of the relationship matrix and 
sustainability attributes gives the score for each column and the relative importance can 
be calculated based on dividing the score of each column by the total of scores. Equa- 
tions 1 and 2 show the score of each column (S) and the relative scores (RS). Where f is 
the relational strength and w is the weight of sustainability attributes. The fuzzy opera- 
tions are provided in Eqs. 3—6. An example of triangular fuzzy numbers and operations 
is provided in Fig. 2. 


en n ~ = ete 
Š; = Ai (fi x wji, j (1) 
RS; = —>— vyj 2) 
VA = (a; a a3), B= (bı bo b3) 


A+B=(a, +b, a + b a3 + b3) (3) 


A-B=(a by a — b2 a3 — b3 ) (4) 


A x B = [min (a1b1, a1b3, a3b1, a3b3), a2b2, max (a1b1, a1b3, a3b1, a3b3)] (5) 


A/B = [min (a1/b1, a1/b3, a3/b1, a3/b3), a2b2, max (a; /b1, a1/b3, a3/bı, a3/b3)] 
(6) 
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Fig. 1. Sustainable fuzzy QFD approach to benchmarking Industry 4.0 driven Df{D 
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Fig. 2. Example of linguistic variables and the fuzzy operations (left addition, right, 
multiplication)- A = trimf (x, [7 8 9]); B = trimf (x, [4 5 6]); C = trimf (x, [7 8 9])); D = 
trimf (x, [7 8 9]); trimf: Triangular membership function- (y: degree of membership) 
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4 A Numerical Example 


In this part, a numerical example of the application of the proposed approach for DfD of 
a complex product is provided. The first step is identifying the technical, environmental, 
and social characteristics of the complex products for disassembly operation. The influ- 
ential factors for DfD based on the literature review and secondary data are considered. 
Strength, positioning, weight, shape, size,operating time, materialconnection, structure, 
mating face, number of parts, commonality of parts, and modularity design are criti- 
cal technical features that affect the ease of disassembly. Three environmental impacts 
including energy usage, waste, material usage, and three social criteria stress, fatigue, 
and the risk of injury during disassembly operation are also considered. Benchmark- 
ing of two advanced technologies in disassembly {AR/VR guided disassembly} and 
{collaborative robot disassembly cell} are considered. The next step is identifying the 
criteria related to the assessment of advanced technologies and techniques for DfD based 
on four categories of performance. Reliability of recovered parts, acceptable value/cost 
ratio, time for preparation, disassembly time, ease of access to parts and fixation points, 
fastener positioning, easy movement, and material handling, required tools, and training 
are the attributes for easy disassembly. Low costs and the part recovery rate are also 
considered as operational performance attributes. For environmental performance, less 
material usage, circularity, and less waste during the operations are selected. In human 
factors, reducing ergonomic and safety risks, as well as increasing operators’ motivation, 
are addressed. The correlation between the characteristics of efficient disassembly and 
advanced technology options should be determined. Evaluating the fuzzy ranking score 
and finally, defuzzification based on the centroid method is performed. The decision tool 
is coded in MATLAB and the results are shown in Table 1. 


5 Conclusion 


QFD approach is a robust design tool for linking the customers’ attributes to technical 
features of the products and performing the competitive analysis. In addition to the tech- 
nical features of the products, the environmental and social features could be integrated 
into this tool to provide a holistic decisional method. Moreover, considering the uncer- 
tainties and inaccuracies of the linguistics variables, fuzzy logic could be included. This 
paper proposed a sustainable fuzzy QFD decisional tool for DfD of a complex product 
for benchmarking the application of different Industry 4.0 technologies in disassembly. 
A conceptual framework with a numerical example for comparing AR/VR guided dis- 
assembly and disassembly with cobots is provided. This model could be used for the 
assessment of the application of the other industry 4.0 technologies. The application of 
this framework with group decision-making and for a real case study is proposed for 
future research. Performing the sensitivity analysis for assessing the final ranking and 
using different fuzzy numbers with defuzzification methods are also recommended. 
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Abstract. It is said that KANO model is one of the key findings in analyzing 
and categorizing various product qualities. The model says qualities are not only 
one dimensional in terms of the relations between quality fulfilment and customer 
satisfaction. If a designer could find a delighter which can increase customer 
satisfaction greatly without enhancing specification too much may contribute to 
increase product eco-efficiency, since higher specifications usually lead to larger 
environmental burden. The study extracts some design specifications of smart- 
phones and carries out an online survey to smartphone users in order to identify 
the relations between the specification levels and customer satisfaction levels. As 
the result of the survey, a true exciter could not be found in the case study prod- 
ucts. However, regression coefficients estimated by applying conjoint analysis to 
the selected specifications showed there were specifications which can effectively 
increase customer satisfaction such as battery capacity or display size, and also 
there was a specification having little effect in increasing it. The survey results 
suggested that there are optimum values of product specifications. Identifying the 
optimum values and avoiding over-specification is significant in finding appro- 
priate design solutions which may decouple the customer satisfaction and the 
environmental burden increase. The study concluded that the approach is helpful 
in enhancing product sustainability by Ecodesign. 


Keywords: KANO model - Product specifications - Eco-efficiency 


1 Introduction 


In designing industrial products, designers are trying to enhance the performance of the 
product as much as they can, under some balance with production cost. And of course, the 
reason to build-in high functionalities in the products is to fulfill customer requirements 
and enhance product attractiveness. For smartphones, it seems that the overall product 
performance has increased steadily over the years [1]. It means that the designers have 
focused and the consumers have required such increase of the specifications. 

KANO model [2] made an important suggestion on this tendency. The model said 
product qualities are not always linear to customer satisfaction. The model explains that 
there are 3 major types of quality attributes and by focusing on the so-called “delighters,” 
customer satisfaction levels can be increased efficiently. But even for low-cost products, 
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so-called “must-bes” qualities should not be eliminated. Some previous studies [3—6] 
have focused in applying the concept to environmentally benign design. By focusing 
on delighters, it might be possible to increase product attractiveness without enhancing 
product performance greatly that requires extra environmental burden. 

However, it is not always possible to find delighters in real products, especially for 
matured products/markets, since people soon start to think they are must-bes, once it 
is build-in commercial products. The author surveyed weights of design specifications 
and estimated eco-efficiencies of the design specifications in a previous study [7], and 
explained that it is possible to enhance product eco-efficiency by focusing some speci- 
fications. The author notified customer’s voice such as “this specification is important, 
but I am satisfied at the current level.” This was an important suggestion to think that 
must-bes can be found and the bending points of the curves can be specified. Since the 
enhancement of product performances require certain amounts of environmental bur- 
dens, it is not eco-efficient to increase the performance beyond these points. Thus, the 
objective of this study is to clarify the design specifications of the case study product 
are delighters, one-dimensional or must-bes, and whether there is a bending point in 
each specification, by a customer survey. Through this effort, the study can clarify the 
optimum levels of design specifications, in the context of eco-design. 


2 Why KANO Model 


The simplified KANO model in three different quality attributes can be expressed as 
Fig. | [8]. The figure clearly shows that if we can find the bending point of the mut- 
be curve, it will greatly contribute in eco-efficient design. If there is no drastic change 
of manufacturing technologies and the environmental burden to increase the design 
specification level is proportional to the increase amount like memory capacity, eco- 
efficiencies of design specifications defined by Eq. (1) will peak at the bending point 
of the must-be. At the same time, it will be the same for one-dimensional and will 
continuously increase for delighters. But even for a one-dimensional, a bending point can 
be found. Finding the bending points will be helpful to extract suggestions in designing 
eco-efficient products. That was the motivation of the study and the reason to carry out 
a customer survey to know customer’s preference on design specifications. 


Satisfaction 


Detighters 
wen 
— —_— ia 
One dimensional 
Inyullictency Suilicivacy 
—_ 
a ioe 
a Must-be 


Dissatisfaction 


Fig. 1. Simplified KANO model [7] 
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Increase of the customer satisfaction level 


Eco-efficiency = [kg —- C02-1] (1) 


Increase of the environmental burden 


3 Internet Survey of Customer Satisfaction 


3.1 Target Product Specifications 


In choosing the case study example as a smartphone, some design specifications to 
investigate customer preference were selected as below. Four different specification 
levels were set for each specification. 


e Battery capacity 

Storage capacity 

Display size 

Variations of smartphone case 
Price 


The first three specifications are the top three functions listed to be important func- 
tions for smartphones in the preliminary survey. “Variations of smartphone case” was 
found to be relatively important among the three features related to outlook of the prod- 
uct, those were color, texture and variations of smartphone case, investigated in the 
previous study. The last one, price, was designated because it is helpful to know the 
willingness to pay of other specification by comparing to the preference to price. It is 
also possible to check the accuracy of survey by calculating the customer preference for 
the different levels of price, since the reactions to different prices are thought to be linear 
to the price itself. This is the background of the pricing system which can be seen in the 
reverse linear relationship between price and demand in basic economics theory. 


3.2 Outline of the Customer Survey 


Table 1 shows the four different specification levels of five design specifications of 
smartphones. The four specification levels were determined based on the actual values 
in the current smartphone market. The customer survey was designed based on conjoint 
analysis method [9]. Assuming that there are no interactions between the five specifi- 
cations, L16 orthogonal array which can be used for five attributes and four levels was 
used to design the conjoint cards. Each card was evaluated with full score of 10. The 
survey was made to 230 respondents via internet. 


3.3 Results of the Survey 


The result of the customer survey shown in the previous section for five design 
specifications are indicated in Fig. 2 to Fig. 6 below. 
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Table 1. Four levels of five design specifications 


Storage Battery Display size [inch] | Variations of Price [JPY] 
capacity [GB] | capacity [mAh] smartphone case 
64 2,000 3.8 10 130,000 
128 3,000 4.8 50 100,000 
256 4,000 5.8 90 70,000 
512 5,000 6.8 130 40,000 

> 7 

z 6 

aows5 
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2 0 100 200 300 400 500 600 

5 ; 

O Storage capacity [GB] 

Fig. 2. Relation between storage capacity and customer satisfaction 
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Fig. 3. Relation between battery capacity and customer satisfaction 
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Fig. 4. Relation between display size and customer satisfaction 
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Fig. 5. Relation between variations of smartphone cases and customer satisfaction 
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Fig. 6. Relation between price and customer satisfaction 


4 Estimation of Eco-efficiencies 


4.1 Estimation of Environmental Burden 


Since the customer satisfaction levels corresponding to the different specification levels 
were estimated through the customer survey, the numerator of eco-efficiency equation has 
been identified. In order to identify the denominator, environmental burden to increase 
design specifications were investigated and extrapolated through previous studies [10, 
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11]. Table 2 shows the environmental burden increase quantified by CO2 emission cor- 
responding to the increase of three design specifications except for variations of case 
and price. 

As for the increase of variations of smartphone case, since there are molding types 
and one-by-one manufacturing types, increase of CO2 emission per unit is not linear 
to the increase to the variations, since some of the variations of smartphone cases are 
made by molding and some are one by one manufactured. Table 3 shows the calculated 
values considering this. The value was calculated referring plastic parts fabrication of 
automobile [12]. As it was shown in Fig. 6 in the previous section, customer satisfac- 
tion increase corresponding to the price decrease is almost linear. So, it seems that the 
approach is reasonable. Eco-efficiencies of four design specifications were calculated. 


Table 2. Increase of environmental burden due to performance enhancement 


Design specification | CO2 emission increase 
Storage capacity 0.0238 [kg-CO2/GB] 
Battery capacity 4.1 x 104 [kg-CO2/mAh] 
Display size 0.43 1[kg-CO>/inch] 


Table 3. Increase of environmental burden due to variations increase of case 


Variations of case 10 50 90 130 
CO} emission per unit [kg-CO2] 0.13 0.42 0.72 1.00 


4.2 Eco-efficiency Calculation 


By using the data used in Figs. 2, 3, 4, 5 and 6 and the data shown in Table 2 and 3, it is 
possible to calculate eco-efficiency of performance enhancement as Tables 4, 5, 6 and 7. 
Figure 7 is the visual expression of these results. The figure shows that storage capacity 
has smaller eco-efficiency than others and some specifications have smaller speak value 
at the second level performances. 


Table 4. Eco-efficiency of storage capacity increase 


Performance enhancement Eco-efficiency [1/kg-CO] 
64 GB-128 GB 0.061 
128 GB-256 GB 0.020 
256 GB-512 GB 0.012 


oefficiencies [kg-CO,"*] 
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Table 5. Eco-efficiency of battery capacity increase 


Performance enhancement 


Eco-efficiency [1/kg-CO>] 


2,000-3,000 mAh 0.59 
3,000-4,000 mAh 0.51 
4,000-5,000 mAh 0.27 


Table 6. Eco-efficiency of display size increase 


Performance enhancement 


Eco-efficiency [1/kg-CO> ] 


3.8-4.8 inches 1.63 
4.8-5.8 inches 1.05 
5.8-6.8 inches 0.005 


Table 7. Eco-efficiency of case variation increase 


Performance enhancement 


Eco-efficiency [1/kg-CO>] 


10 > 50 -0.41 
50 > 90 0.46 
90 + 130 0.31 
—— Storage cap. Battery cap. 
— Display size ———Case var. 
2 
1.5 
1 
0.5 
0 
-0.5 1st t 2nd to 3rd 3rd to 4th 


Fig. 7. Deviation of eco-efficiencies 
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5 Discussion 


Considering the survey results shown in Figs. 2, 3, 4, 5 and 6, no delighter was found in 
the target design specifications of a smartphone. Among the four specifications except 
price, storage capacity seems like one-dimensional, while battery capacity and display 
size look like must-bes. Unlike the motivation of the study in the beginning, significance 
of finding bending points of the must-be curves was clarified through the study. By 
finding the points, it will be possible to designate the proper design specifications that 
are the critical points to stop the performance enhancement beyond there. 

For the design specifications in the case study, it is not eco-efficient to focus on 
increase of storage capacity anymore, since the eco-efficiency is relatively low at all the 
levels. As it is shown in Fig. 7, contrarily for battery capacity and display size, since 
the eco-efficiency of performance enhancement is not that low, it is helpful to focus on 
these specifications. However, there are critical points where the performance should 
be stopped to increase at the point. For battery capacity, eco-efficiency is rather high 
till 4,000mAh. Thus, the suitable value of battery capacity can be 4,000mAh. As for 
the display size, since the eco-efficiency drastically decreases and is almost O for the 
increase from 5.8 inches to 6.8 inches, the optimum display size can be 5.8 inches. 

This strategy to limit the product performance at a certain level is a paradigm shift 
for modern product design that has been aiming to enhance performance as much as 
possible. Although the actual values might change due to technological levels and market 
situations, there can be critical points of product performances that the designers should 
avoid to enhance them beyond the points. For a competitive and matured product, it is 
likely to have must-bes. Because, if someone find a delighter, it would be caught up by 
the competitor. Therefore, it is likely to have bending points in the performance-customer 
satisfaction curves. 


6 Summary 


The paper proposed a procedure to know the practical behaviors of product design 
specifications based on KANO model and carried out a customer survey to know that. 
Throughout the study, although no delighter has been found for the matured product 
like smartphones, the significance of must-bes, especially, finding bending points of the 
curves was explained in the context of eco-efficient design. Then, the paper showed a 
method to estimate the eco-efficiencies of specific designs, by dividing the increase of 
customer satisfaction levels by the increase of environmental burden to enhance prod- 
uct performance. Using this procedure, the paper indicated some design specifications 
should be focused for ecodesign of the case study. Future work is to increase the reliabil- 
ity of the customer survey and gather more design specifications and product examples 
to clarify whether such optimum design specifications can be found always. 
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Abstract. Technology is a major driver for leveraging the potential of multidi- 
mensional sustainable development, regardless of the sector examined. Therefore, 
engineers have an important contribution in developing innovative technical solu- 
tions to ensure more sustainable alternatives to conventional processes or products. 
In order to support this comprehension from an early age on, it is the task of lectur- 
ers at universities by developing students access to sustainable engineering activ- 
ities with new teaching programs. Regarding conventional product development, 
the question arises how sustainable products can be developed, which concepts 
for design and which methods for validation and quantification can be used. These 
and further questions are the basis of the project-based learning (PBL) approach 
introduced in this paper as part of a new module "Development of Sustainable 
Products" at the Faculty of Mechanical Engineering at the Leibniz University 
Hannover. In this paper, the need for new courses in the ecological sustainability 
context and the requirements for student project work are presented. The concept 
of the project and the overall objective, that the students are required to assess the 
ecological environmental impact of electric toothbrushes over the entire product 
life cycle based on a life cycle assessment (LCA) is introduced. After successfully 
participating in this project, students are able to conduct ecological sustainability 
analyses and understand the complexity within the development of sustainable 
products. 


Keywords: Project-Based Learning - Life Cycle Assessment - Sustainable 
Product Development 


1 Introduction 


Within the conventional academic education, which includes lectures and additional 
tutorials, potentials regarding discussions and the personal development of the students 
are not fully exploited. In order to communicate the topic of product development in 
this context with a focus on sustainable and future-oriented products, creative ideas, 
approaches and impulses by the young engineers are an important input. As part of a 
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semester-long project, the Project-Based Learning (PBL) is to supplement the traditional 
learning concept based on lectures and tutorials for developing such creative ideas. The 
approach of PBL allows the creation of an environment in which students can both, 
exercise their creativity to solve technical problems independently as well as reflecting 
their own leadership and communication behavior within a group. 

Although the related module introduces models and methods of the ecological and 
economic dimension, the design project focuses only on the ecological dimension of 
sustainability. This restriction is primarily due to the structure of the current curriculum, 
since although economic and social-ethical practical modules are offered. Therefore the 
need for a new project concerning the ecological-technical intersection is there. 

Many curricula already request that their students have to deal with topics like 
requirements for systems and products from the economic, environmental, social, politi- 
cal, ethical, health and safety, manufacturability, and sustainability area [1]. This increas- 
ing call for sustainability aspects within university teaching can be explained on the one 
hand by the communicated goals of the government and industry as well as on the 
other hand by the internal university goal to integrate students early within their degree 
program in presence Following semesters of online learning due to the pandemic [2]. 

In terms of the communicated goals, for example, the Sustainable Development 
Goals (SDGs) may serve as a basis for moving within engineering from optional sus- 
tainable system extensions to modifications which are required to meet these goals in 
the future [3]. To understand how these modifications can be made, not only conven- 
tional engineering modules are needed, but rather impulses on how interdisciplinary 
content can be used in a supportive manner [4]. Perpignan et al. (2020) published a 
tabular overview of interdisciplinary and conventional engineering competencies based 
on interviews [4]. 


Table 1. Cross and engineers skills (cf. [5]) 


Cross-disciplinary skills | s9 5 

Žl-l$ $ 
$= S S ö »| 3 2 2 
= S 7 oS > © = 
= = s 4 on Z S 6 = 2 5 
a z wE S| esl s 2 bb 2 
S| 2 eo] E. | Ẹ = yo 
2/s/e8s/ s2/ Fa +] 8] ea 
£a] 2828| Bele |) el] Fe 

Engineer’s skills öls lzi Fl 22/3814) 88 

Konwledge and understanding X X X 

Engineering analysis X X X 

Engineering design X 

Investigations X X X X 

Engineering practice X X X X 

Making judgement X X 

Communication and teamworking X 

Lifelong learning X 


Within the scope of this new project, which will accompany the lecture, the aim is 
to develop an impulse-giving addition. In this module, interdisciplinary competencies 
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(cf. Table 1) are to be imparted to the students through the application of project-based 
learning, and the sustainability of everyday products is to be examined using a concrete 
example. In contrast to the analysis of large systems, such as the analysis of the sustain- 
ability of the entire university activity [5], a more intensive discussion of the topic is to 
be achieved in smaller groups by analysing smaller systems (cf. [6]). 


2 Project-Based Learning (PBL) 


The Project-Based Learning (PBL) approach is a teaching method that focuses on the 
independent realization of projects to deal with issues within groups [7, 8]. Its objective 
is to make these groups address a complex issue over a predefined period of time, days, 
weeks or months, in order to both practice their existing competencies as well as expand 
their individual knowledge. 

In order to satisfy the project nature of this approach, Thomas (2000) identified five 
basic characteristics of projects: Centrality, Focused Issue, Constructive Proceeding, 
Independence, as well as Realism [9, 10]. To implement these characteristics of a project 
in a teaching context, additional specific elements might be derived for student PBL 
[9-11]: 


Time and self management; 

Use of technological tools; 

Optimization of group-internal information management; 
Communication in groups; 

Independent project management. 


The PBL can be divided into three overarching fields in which each of these elements 
are applied - the cognitive, the content, and the collaborative learning [11]. First, the 
cognitive learning outlines the issue being investigated or the way of organizing projects 
and associated groups adapted to these issues [10-12]. Consequently, each group has 
to deal individually with the overarching problem as well as the tasks and challenges 
associated with it [11]. 

In contrast, the content area includes the engagement in form of interdisciplinary 
learning and as such the application of theories or methods to concrete practical chal- 
lenges [11, 12]. Finally, the third area of collaberative learning includes the social aspects 
and the relevance of goal-oriented communication within groups [10, 11]. 


3 Case Study: Design Project “Sustainable Products” 


As part of the present trend of sustainability efforts, the Faculty of Mechanical Engi- 
neering at Leibniz University Hannover is offering a new bachelors degree program 
"Sustainable Engineering" to enable young engineers to extend the range of conven- 
tional technical approaches. The Institute of Product Development has created a new 
course "Development of Sustainable Products" within the area of product development. 
Alongside the lecture and the tutorials, students are offered a semester-long design 
project. 
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3.1 Structure and Content 


4 Aims and Concept 


Furthermore, the students’ learning potentials, especially the collaborative learning part, 
are to be increased by the PBL approach in the context of a concrete method, in this case 
life cycle assessment (LCA) according to ISO standard 14040 ff. Within this framework 
of LCA, the development of consciously ecologically sustainable products is pursued as 
an interdisciplinary component. 

To be able to realize such an application in the project context, all product life cycle 
phases must be considered and examined in a holistic form. In addition, the students 
should acquire competencies in the use of sustainability accounting software through 
collegial learning and jointly identify potentials of sustainability for the product under 
investigation. 


Tasks/Module 

The structure of this design project is based on the general framework of the ISO 14040ff. 
Series of standards [13] and is divided into three task modules according to the phases 
of “Goal and Scope”, “Life Cycle Inventory” and “Life Cycle Impact Assessment” as 
well as a final presentation to demonstrate the “Interpretation” phase [14]. According 
to Fig. 1, each phase of the LCA can be attributed to the students’ activities, which are 
based on one another to enable the preparation of an entire LCA. Furthermore, within 
the total of seven activities, collaborative learning potentials have been identified, which 
are to be specifically leveraged through the students’ project work. These potentials are 
marked by exclamation marks in Fig. 1. 


Life Cycle Impact 
Assessment 


Goal and Scope Life Cycle Inventory Interpretation 


Preparing the | 
presentation e 
Calculating the l legend: 
Impacts . 
Phases of LCA 


Collaborative 
. Learning 


Creating the 
product- 
architecture 


Preparing the 
process chain 


Setting up the 
Life Cycle | 
Inventory 


Applying Impact 
Assessment 
method(s) 


Fig. 1. Activities in the developed design project according to the phases of the life cycle 
assessment of ISO 14040ff. (cf. [13]) 


Regarding the content the first work package addresses the first and second phase 
of the LCA of defining the objective and the scope of the study and establishing the life 
cycle inventory. In this work package, students should identify the product architecture 
of the object of study and establish its process chain. An example of a collaborative 
part within the activities is the development of the products architecture during the 
first phase of the LCA, the "Goal and Scope". In this activity, the students collectively 
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investigate the demonstrator, disassemble all its components and, through internal group 
discussion, capture the functional as well as the product structure for the specific product 
example of an electric toothbrush. By combining the hands-on disassembly work and 
the theoretical formulation of the functional structure, the information can be linked and 
product-specific knowledge can emerge in the group. 

During the second collaborative activity, the students shall independently investigate 
the life cycle inventories for the eight investigated components of the demonstrator and 
combine the results in a holistic model: the case, the electric motor, the electroacoustic 
transducer, the Printed Circuit Board (PCB), the lithium-ion battery, the charger, the 
travel case as well as the brush heads. As a result, the component-specific Petri nets are 
to be set up and modeled in Sustainability assessment tool (Umberto LCA+), with the 
inputs and outputs formed as a Life Cycle Inventory. 

Subsequently, the students calculate the impact assessment for only one method and 
three impact assessment categories in order to limit the scope of the project work to 
a semester-compatible level. The results of these calculations are analyzed and inter- 
preted regarding the identified results and summarized in a final, groupinternal prepared 
presentation. 


4.1 Project Results 


On the basis of these seven activities, the students combined their results in a final 
overall presentation. Two of the already mentioned main results with high collaborative 
potential are presented in the following section. 


Product Architecture 

In order to be able to make a statement about the structure of the product investigated, 
which is in this case an electric toothbrush, the students disassembled their demon- 
strator into all its components. This process was documented via photos, among other 
tools, to make it visually clear how the division of tasks (practical work and documenta- 
tion of information) was organized as efficiently as possible within the group. Through 
collaborative communication between the students, the resulting product architecture 
includes information on further product models and/or product specifications (other 
manufacturers, additional functions,...). 


Process Chains as Petri Nets 

Following the disassembly of the products into their components and the set-up of the 
product architecture, the students have prepared the process chains for the individual 
components within the “cradle-to-cradle” process as preparation for the life cycle inven- 
tories. The students already got to know the relevant method in the accompanying lecture 
as well as during the tutorial, enabling them to apply and deepen this method within their 
group. According to the individual needs of the group members, the students can com- 
plement each other in terms of content and collectively model the process chain of the 
entire product concerning all components identified in the product architecture before. 
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4.2 Feedback 


Measuring the success of the newly developed project is based, on the one hand, on the 
fluctuation within the semester and, the ratio between the number of registrations and 
the number of exams. On the other hand, anonymous as well as face-to-face feedback 
sessions were offered to the students and then evaluated at the end of the semester. 

Since 95% of the registered students submitted a final presentation in the semester 
considered, there is a high level of interest by the students visible during this first iteration. 
In addition, the evaluation of the content and organization of the design project was 
positive. Another repeated aspect mentioned by the students refers to the possibility of 
holding a final presentation as a student group. These feedbacks support the advantages 
of project-based learning for strengthening not only leverage effects in terms of content, 
but also social integration in group structures. 

The students’ feedback after completing the course supports the previously made 
statements about the effects of the last online semesters. On the one hand, the possibility 
of working together in a group of students throughout the entire semester was positively 
noted, as this professional and private exchange provided a considerable additional value. 
On the other hand, the expected high degree of independence, especially regarding the 
autonomous calculation of LCAs, was perceived as partly overstraining, since the actual 
procedure within the framework of the applicable standards was left to the students and 
was not restricted by the lecturer. In sum, the overall project was recommended by the 
students for the coming iterations, allowing further adjustments to be made in the area 
of formulating assignments and guidelines to meet the students requirements. 


5 Conclusions and Outlook 


Within the scope of the student design project conducted, the various fields of project- 
based learning were applied and consciously promoted by the developed project concept. 
The cognitive as well as the content-related and collaborative components could be 
integrated in this project in a targeted way. 


Cognitive and Content Learning 

Regarding the potential cognitive and content-related benefits of PBL, various pros 
and cons of the design project can be identified. On the one hand, the development 
and implementation of the project enabled the students to investigate and apply new, 
previously unknown approaches within a classical engineering discipline. In addition, 
the students independently organized themselves as a group throughout the semester and 
consequently learned additional soft skills as well as implemented them via project plans, 
etc. Considering the content, both the students’ use of previously unknown technical 
tools and the group’s internal data management have been investigated. The several 
Petri nets created and resulting LCIAs calculated have been modified according their 
functional units and the level of detail considered. This enabled the students to implement 
a component-specific division of the tasks, to reduce the necessary processing times and 
thus to present their results in the form of a coherent final presentation. 


Collaborative Learning 
As the focus within this project, was on the exploitation of the collaborative potentials 
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within project-based group work, the first iteration and the results generated can be 
considered to be positive. The continuous work on activities, of which only half had a 
collaborative component, enabled the students to build up a comfortable and at the same 
time creative working atmosphere, which resulted in new impulses for the development 
of sustainable products to be pursued further in future projects. For the specific example 
of electric toothbrushes, these were, for instance, the development of manufacturer- 
independent standardized charging stations or the reduction of the brush head volume 
to be exchanged in order to only replace the brush fibers in a modular way. These 
projects help students to learn to work independently, which in turn leads to a noticeable 
increase in interest in the topics to be taught, providing a high level of added value for 
all participants. 

Based on the feedback of the students, the subject-specific material, e.g. guidelines 
for the usage of sustainability accounting tools, will be further developed in the coming 
semesters in order to be able to offer the students information appropriate to their needs. 
Furthermore, the aim should be to maintain the students’ knowledge throughout the 
projects to be able keep a kind of “project knowledge” regarding the development of 
sustainable products. 

In addition to optimizing the design project for students, further events are planned 
by the institute to raise awareness among groups in the university environment. As an 
example, students of the region of Hanover will be offered a free supervision program 
during the summer vacations in form of a summer school. In this case, the aim is not 
only to convey the content as effectively as possible, but rather gain access to potential 
young engineers in a relaxed and enjoyable way and for raising their awareness. 

Regarding future iterations of the project, it has become evident that the increase of 
interdisciplinarity in terms of the student composition as well as the aspects to be dealt 
with improves the communicability of the topic to be addressed. Although the ecological 
dimension and assessment of the technical systems will remain the focus of the project, 
ethical and economic implications cannot be neglected. 


Acknowledgement. The concept of this course was funded by the "Curricular Innovations" of 
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funds (Studienqualitatsmittel, SQM). 
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Abstract. Manufacturers are increasingly interested in the circular economy (CE) 
and potential of circular productions. To fully utilize CE, better guidance at the 
design stage is needed to establish closed-loop flows and prioritize higher value 
retaining end-of-use (EoU) practices such as reuse and remanufacture (i.e., parts 
harvesting). Intergenerational commonality (IC) is a method to increase EoU parts 
harvesting. However, closed-loop parts harvesting potential depends on the com- 
patible timing between design generations’ production and EoU returns curves. 
Therefore, in this paper, we explore an approach to make an initial assessment 
on where IC as a closed-loop CE strategy can produce most benefit, where such 
closed-loops may fall short, and what favorable design decisions can be made. The 
proposed indicator (based on the ratio between product’s average usable lifetime 
and time between generation introductions, ugyg/tintro) provides a basis for devel- 
oping an objective design-support tool. Using a hypothetical example, we discuss 
the approach and effectiveness of this indicator. The insights gained suggest that 
overall production’s sustainability performance show substantial improvement 
when Ugye/tintro < 1.25, and the IC benefits are highest when 0.25 < ugyg/tintro < 
2.0. We also highlight a few managerial insights gained from the indicator useful 
to strategize EoU recovery and IC. 


Keywords: Circular Economy - Multi-generational products - Sustainable 
Manufacturing - Closed-loop production 


1 Introduction 


Circular economy (CE) promotes switching from the traditional take-make-use-dispose 
economy to a restorative and regenerative one [1]. Due to increasing regulations, such as 
extended producer responsibility, manufacturers also have a vested interest in exploring 
closed-loop CE productions [2]. Achieving full sustainability potential of closed-loop 
flows requires prioritizing reuse and remanufacture at the component-level (i.e., EoU 
parts harvesting), over conventional practices like recycling [3]. However, this is acutely 
challenging with increasing rate of product design generation refreshes. 

A significant part of the challenge is the mismatch between product demand (i.e., 
production flow) and EoU returns flows. As Fig. 1 depicts, a generation’s (say, Gen1) 
return curve lags its production curve by the product’s average useful life (uayg) [4, 5]. 


© The Author(s) 2023 
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For example, when a smartphone’s average useful lifetime is passed, the demand for that 
generation is markedly reduced [6]. One generation’s potential parts harvesting depends 
on the overlap between its production and return curves. However, suppose some com- 
ponents (used here to refer to parts, components, modules) have shared designs between 
the successive generations (i.e., intergenerational commonality—IC [3]). That brings 
additional parts harvesting potential between generations if Gen2 production and Gen1 
returns curves overlap (Fig. 1). Multi-generational product designing—design consid- 
ering successive product generations—capitalizes on these opportunities. For example, 
overall sustainability performance of multi-generational product systems (PS) can be 
optimized by carefully selecting the IC level [7]. 

However, as Fig. 1 illus- 
trates, different product’s 
Gen! return flows may start 
at different points in time, 
depending on product and 
market characteristics. At = 
early design stages, the te Uavg G2 Possible Gen’ returns flow start range 
problem is that the design- a 
ers lack objective methods 
to assess a product and its 
PS to decide on IC. Because increasing commonality can also limit product functional- 
ity/performance (e.g., due to restrictions in using newer technology incompatible with 
the prior generation), these decisions must be taken considering the overall sustainabil- 
ity implications. Only a very few work [4, 5] discusses multi-generational sustainable 
product design. Therefore, this work aims to explore a potential method and an indicator 
for designers to make initial assessments of a PS’s suitability for closed-loop production 
and IC. Though this paper focuses on a single product system for brevity, the idea also 
extends to product families. To analyze a multi-generational PS and its sustainability 
performance during the design stage, first, the closed-loop production must be forecasted 
(Sect. 2). Then, Sect. 3 discusses the analysis of this PS using the proposed indicator. 


— Production flow 
= — Return flow 


Fig. 1. Production and return curves in multi-generational PS 


2 Simulation Setup 


We use a prior simulation framework [4] that can forecast sales and return curves 
and then calculate its sustainability performance. A detailed description of the frame- 
work is available in the original publication [4]. This section summarizes the pertinent 
calculations. 

Model assumes that both newly manufactured (containing only brand-new compo- 
nents) and rebuilt (containing at least one reused/remanufactured component) prod- 
ucts fulfill the market demand and are made to similar specifications. Therefore, 
the customers do not differentiate them. Parameters such as product’s useful life, 
return/reusable/remanufacturable/recyclable rates, and demand are typically value dis- 
tributions. Since this method is to be used at product design stage, the calculations are 
done using forecasts (i.e., imperfect information) of those parameters. Prior work [8] 
has shown how the Monte-Carlo method can introduce stochastic modeling to represent 
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uncertainty in such cases. In this work, those parameters are assumed to be deterministic. 
The diffusion parameters p and q are assumed to be the same for Genl and Gen? [7]. 
For simplicity, we model only the variable costs and GHG emissions. 


2.1 Modeling the Product Demand and Returns 


Previous work discussed [7] the use of the Norton-Bass (NB) diffusion model [9] to 
simulate the sales of two generations of a product. NB model Eqs. (1) and (2) describe 
demand variations D;(t) and D2(t) for Gen1 and Gen?2, respectively. All symbols have 
usual meanings [7] (and also provided in Table 1). Assuming the interval (tintro) between 
generation introductions are the same (e.g., yearly refresh of smartphone generation), 
when 7; is introduction time of Gen-i, t3 can be approximated by T2 + tintro- 


Di (t) = Fm [1 — Ft — t2)] (1) 


D(t) = F(t — t%)[m2 + F (m ][1 — F(t — t3)] (2) 


Table 1. Parameter values used 


Parameter name Sym. Value 
Coeff. of innovation p 0.01 
Coeff. of imitation q 0.60 
Gen1 market potential m] 5000 
Gen2 additional market m2 1500 
Number of components Co 5 
EoU recovery ratio Ri 0.6 
Component-level: 

Reusability ratio ye 30% 
Reuse cost* 10% 
Reuse GHG* 

Reman.ability ratio nee 30% 
Reman. Cost* 30% 
Reman. GHG* 40% 
Recyclability ratio yEyE 20% 
Recycling cost* 50% 
Recycling GHG* 60% 
Dispose y ispo 20% 
Dispose cost* 10% 
Dispose GHG* 40% 
Monetary discount rate APR 6% 


* Compared to newly manufacture 


802 B. M. Hapuwatte et al. 


When p is the coefficient of innovation and q is the coefficient of imitation [10], 
1—e tat 


necip ma =" 


(3) 
We assume the manufacturer’s marketing department provides baseline parameter val- 
ues, including p, q, and m, based on their historical and market data. Estimation of these 
parameter values is discussed prior [4, 8], and beyond the scope of this paper. 


2.2 Production-Mix Calculations 


To forecast the production requirements, we use the configuration design framework [1 1, 
12]. Product is considered to include Co number of distinct component-types. For Gen2, 
the designs of these components can have two choices (indexed v in the below equations): 
1) a design common with Gen1 (which allows intergenerational parts harvesting), or 2) 
a new design. However, at least one component of Gen? out of the total number Cg must 
be a new design to differentiate the Gen2 product from the Gen1. 

Product sustainability metrics are set to vary according to the component choices. 
Therefore, first, the component-level production plan for each production period (i.e., 
production-mix [7]) is calculated. Then, the sustainability metrics are forecasted based 
on the said production-mix. Finally, the metrics are aggregated and averaged for the 
entire production run for ease of analysis [7]. 

The number of Gen-i recovered products in time (t + Uayg) is given by Eq. (4). The 
model assumes the forward and returns logistics time is negligible (or, can be included 
iN Ugyg). Therefore, the returns curve follows the demand curve with a delay of ugyg [4]. 
The proportion of Gen-i products returning to closed-loop production flow out of the 
total reaching their EoU is the recovery rate (R;). 


Nj" (t + uavg) = DiRi, i = 2 (4) 


Once the products are returned at EoU, the manufacturer disassembles those to the 
component level. Initially, the EoU components are allotted to different EoU streams 
(reuse, remanufacture, recycle, and dispose) according to the expected availability rates 
ev where x can be EoU activities like reuse, remanufacture, and recycle). When c is 
the component-index, these component-level numbers are given by, 


N evt + D = yie N” ®, (5) 
where i = 1, 2, c = 1,2, ..., Co, v E€ {1, 2}. 


Assuming that only a single instance of each component-type is present in a product, 
Eq. (6) gives the number of components needed in each period t. 


NP O = Did), i=1,2, C= 1, «x, Co, and v € {1,2}. (6) 


i,c,v 
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The production-mix is the combination of the number of newly manufactured, reused, 
and remanufactured components produced in a period [7]. Therefore, it is calculated by 
the general expression, 

NEI (t) = No (t) + NES (t) + NE O, (7) 
where, c = 1, ..., Co; v € {1, 2}. 

The sustainable activity hierarchy [13] is used to find the most efficient recovery 
paths. Therefore, successive period’s demand for each component type is tried to fulfill 
with the recovered components—first, with the available reuse components, and then 
with the available remanufacture components. Only when those two cannot fulfill the 
demand the new manufacture option will be used. Any excess after fulfilling the demand 
will be allocated to recycling as the next best recovery option. 

Modeling the Product Sustainability Metrics: The calculation of sustainability 
performance is also done similarly to the prior literature [7, 8]. The basic idea is that 
the sustainability metrics of interest are calculated for each type of newly manufactured, 
reused, remanufactured, and recycled component for both Gen1 and Gen2. Therefore, 
when eval denote the unit value metric x (e.g., cost), for the component-type c, and 
variation v, 


Costofproductionatt = NS ™®™ (t)xUcost at + 


NE (Yx Ucost + NIE) x Ucost ene + (8) 


G,V 
NEO Q) x UcosttO + NEPO (8) x Ucostt P, 
where, c = 1, ..., Co; v € {1,2} 

Similarly, the other relevant metrics can also be calculated. For economic metrics, 
when aggregating the per-period cost to calculate the total cost for the production, the 
value of money is discounted at a set rate. Its present value is calculated in reference to 
Gen-1 introduction time (i.e., period 1). 


3 Classification Method and Discussion 


We propose Ugyg/tintro as an initial indicator for classifying the suitability of a product 
for closed-loop production. Both ugyg and tintro are typical PS parameters, ascertainable 
at design stage. The use of this indicator is presented employing the following hypo- 
thetical test case. The production simulation model detailed in Sect. 2 is utilized with 
the nominal values of Table 1. These values were selected to represent typical product’s 
values. Since only nominal values were used, the discussion below focuses on the overall 
results trends rather than the magnitudes. The two representative metrics manufactur- 
ing cost and GHG emissions for the overall production are charted, taking Ugye/tintro as 
the independent variable. These two metrics were selected due to the common usage 
and ease of calculation for this proof-of-concept study. However, more comprehensive 
sustainability metrics are necessary for an exhaustive evaluation. 
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Following assumptions are made to sim- 
plify and make the results more general. The 
component-types are assumed to be similar 
in terms of unit cost and unit GHG emis- 
sions so that their variability does not affect et = 6 — tint = 12 
metrics. It also allows calculating Gen2’s brim = 18 == tno = 24 
component-level IC (IC) with Gen1 as a per- 30 i es = = ee 7 
centage of common components (C common) in eign ra a 
a product (i.e., ICc = Ceommon/Co). Com- tT F 
pared to Genl component designs’ nom- 
inal cost ($10) and GHG emissions (10 
kgCO 2) values, the new-design (i.e., Gen- 
2’s non-common) components are assumed 
10% costlier (due to production changes nec- 30 5 7 7 7 oat 
essary) and 20% less GHG emitting (due E 
to efficiency improvements in new technol- 70 IEN GHOR ag Winen, 504 
ogy). The same reusability, remanufactura- 
bility, and recyclability rates are assumed for 
all component-types. Below discussion uses 
per product averaged metric values of man- 
ufacturing cost (CPPavg) and GHG emissions 30a 1 2 3 east 
(GHGppayg) to minimize the effect of number a 
of products sold. For the discussion and visu- Fig. 2. Cost and GHG emissions metrics 
alization simplicity, these averages are for the Variation with Uayg/tintro 
combined production of Gen! and Gen?2. 


(a.) CPPavg (when IC, = 0%) 


Cost per product ($) 


Cost per product (S) 
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3.1 General Trends 


To test if the indicator Ugyg/tintro can be used with different product categories, the 
simulation was run for different tintro values, and checked if the trends in metrics hold. 
Figure 2a & 2b illustrate the variation of Cppayg With Uayg/tintro, for different tintro values 
when the [Cc is 0% and 80%, respectively. For all tiny values, there is a common 
trend in average cost declining considerably for lower Ugyg/tintro ratios (< 1.25). It is 
understandable since lower Uavg/tintro Means a larger overlap between production and 
return curves, allowing greater parts harvesting for reuse/remanufacture. Furthermore, 
higher IC allows a lower cost over a greater range Of Ugyg/tintro (€.g., [Cc = 0% plateaus 
by Uaye/tintro = 1.25, whereas ICc = 80% plateaus only after ttavg/fintro = 2.0). It means 
higher IC allows a longer time window for manufacturer to repurpose EoU components 
in reuse/remanufacture. In Fig. 2c, GHGppayg also reveals a similar overall trend. Unlike 
GHGppavg curves, in Cppayg (Figs. 2a & 2b), each tinyo Curve plateaus to a distinct final 
cost level. It is explained by discounting of monetary value (i.e., cost) over time. 

3.2 EoU Strategy and Returns Planning 


Strategizing the EoU recovery and returns planning is critical to designing closed-loop 
and CE-focused products [13]. Consider a product where tintro is 12 months; according 
to Fig. 3a, if uayg is 24 months, the average per-product cost is $ 57.6; and if Uavg İS 
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18 months, it is $53.3. This is a 7.4% cost reduction if the EoU returns can be collected 
sooner (since some EoU products stay with customers for a long time after becoming 
EoU). This insight is beneficial for the manufacturer to plan product return incentives so 
that returns are more likely to happen when there is more opportunity for parts harvesting. 
It highlights the importance of considering not only how much EoU products are returned 
(i.e., recovery rate), but also at which time point. Consequently, product sustainability 
measurements must be treated dynamic (i.e., temporally-variable) [8]. 

Although per component GHG emissions are higher in the common design (since 
we assumed new component designs 20% more GHG efficient), Fig. 3b shows, from 0.5 
< Uavg/tintro < 1.5, there is still a potential to lower the overall average GHG emissions 
of production through increased reuse and remanufacture opportunities resulting from 
IC. Therefore, [Cc and Ugy¢e/t intro indicators are vital factors for planning EoU recovery. 


y (a.) Cost when t;ntro= 12 i (b.) GHG emissions when t;ntro= 12 
g 3 
EO X 70 
Q 
gee B 
50 ~a 50 
40 & 40 
o 
30 5 30 
0 1 2 3 Uavo/tintro 4 0 1 2 3 Yav¢/tintro 4 
—— IC, = 0% —e IC = 80% —— IC, = 0% —*- IC = 80% 


Fig. 3. Cost and emissions variation for different commonality levels (ICc = 80% and 0%) 


3.3 Planning Component Commonality with Uayg/tinto 


Figure 4 further illustrates the relative cost (Fig. 4a) and GHG emissions (Fig. 4b) differ- 
ence between commonality level 80% vs 0%, for several tintro values. These charts show 
that the benefit of component commonality becomes highest during 0.25 < Ugye/tintro 
< 2.0. For most tintro, the Uayg/tintro = 1 provides the highest benefits. Notably, when 
Uaveltintro is small (say, < 0.25), the IC level matters less. This is because, in such cases, 
a considerable portion of the returns happens within the same generation’s production. 
Thus, when a product’s Ugyg/tintro ratio is very low, the manufacturer can focus more 
on devising designs with more efficient component designs (i.e., new designs) without 
being limited by the need to increase IC. 

Overall, this case presents a preliminary view of the proposed classification app- 
roach. Additional work needs to be done with real industry case studies to validate these 
results. Furthermore, the preliminary work here is a reminder of the need to explore 
more complex strategies for closed-loop CE. Reconfigurable and cross-product fungible 
components can decouple the need for overlap between production and return flows of 
the same product’s generations. For example, a module that is made common between 
multiple product categories can lead to parts harvesting over a longer time and more 
applications. However, the approach presented in this paper can also be extended to 
such cases by considering the module level aggregate demand. 
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(a.) Cost Savings of increasing /C, (0% to 80%) (b.) GHG Reduction of increasing IC, (0% to 80%) 
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Fig. 4. Impact of increasing the inter-generational commonality (ICc) from 0% to 80% 


4 Conclusions 


For manufacturers and designers planning products for the CE, an objective indicator 
capable of providing a preliminary understanding regarding multi-generational PS’s suit- 
ability for closed-loop production can be extremely useful. In this paper, we present the 
indicator Ugyg/tintro as a potential solution. By examining the variation of sustainability 
metrics relative tO Ugyg/tintro, it was found to be usable with different fintro. 

Based on the hypothetical example examined, a common trend showed that the 
overall multi-generation production’s sustainability metrics (average cost and GHG 
emissions) show marked improvements in lower Ugye/tintro ratios (significantly when 
Uavg/tintro < 1.25). While Ugyg and tintro are typically set considering product and market 
characteristics, manufacturers can use the insights gained from the indicator to strategize 
EoU recovery and plan IC. For example, manufacturers can use the proposed indicator 
and the analysis when planning a return incentive scheme to influence ugyg and obtain 
EoU products at the most opportune time (i.e., when there is more opportunity for parts 
harvesting). And, since the IC benefits are highest during a limited range (i.e., 0.25 
< Uavg/tintro < 2.0), manufacturer can either use the commonality level to expand that 
range, or focus on choosing more efficient component designs (i.e., new designs) without 
needing to make the generations more common. This work will be further extended by 
considering more variables and actual test cases to validate and develop a more robust 
indicator that factors additional product and PS characteristics. 
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Abstract. To meet sustainability goals, manufacturing companies are faced with 
the challenge of using renewable resources as well as innovative processes to 
design and manufacture sustainable products. For this purpose, the Design for 
Sustainability (DfS) approach has been suggested. Since there is no uniform 
understanding of how such a concept should work and which methods should 
be applied within it, the paper is intended to provide an overview of existing 
approaches. Therefore, a taxonomy of DfS approaches is introduced to enable 
a systematic and differentiated analysis. Afterwards, a literature review is con- 
ducted and a comprehensive overview of DfS concepts is provided. This allows 
for uncovering research needs towards an established DfS approach. 


Keywords: Design for Sustainability - Design for X - Sustainable Manufacturing 


1 Introduction 


Due to the depletion of existing resources and the increasing pollution of the environment, 
sustainability is more and more important. While there is still no uniform definition, the 
one of the Brundtland Report is often used. It defined sustainable development as meeting 
the needs of the present generation without compromising the needs of future generations 
[1]. Nowadays, the Triple Bottom Line is often referred to as a uniform conceptual 
element of sustainability: Sustainability refers to an environmental, an economic and a 
social dimension [2]. Against this background of increased striving for sustainability as 
well as the high relevance of the manufacturing sector for achieving the global sustainable 
development goals, the idea of sustainability in manufacturing should be considered in 
product design processes. This can be done by using the Design for Sustainability (DfS) 
approach. Although this quite novel approach is promising, a holistic concept with 
established methods for DfS still seems to be missing. Furthermore, an overview of the 
state-of-the-art of DfS does not exist. There is no substantiated knowledge answering 
the questions to what objects DfS refers, which tasks should be accomplished by DfS, 
and which way DfS is theoretically founded. This motivates the paper: By conducting 
a systematic literature review on DfS in the context of manufacturing such an overview 
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should be given in order to enable further scientific development of the DfS approach 
and methods. To achieve this objective, relevant literature is identified and analyzed 
regarding various criteria that are defined in a DfS taxonomy. 


2 Design for X and Design for Sustainability 


Design for X (DfX) is an umbrella term representing a wide variety of approaches [3]. 
It can be noticed that there are more than 75 different DfX methods focusing on various 
aspects during the product design and manufacturing processes [4]. DfX approaches 
show two ways of interpreting the ‘X’ included in the term. On the one hand this ‘X’ 
represents a life cycle phase, e.g., manufacturing, service, or recycling. On the other 
hand it refers to a product property, e.g. cost, quality or safety [5]. This goes along with 
a large number of terms that can be used for the X resulting in various DfX concepts. 
They comprise DfS approaches striving for a systematic consideration of sustainability 
in design processes for products, processes, or resources. 

Design for Sustainability is considered to have evolved from the Design for Environ- 
ment (DfE) or Eco-Design approach [6]. Accordingly, great attention is paid to resource 
efficiency and sustainable consumption. However, a perfect product design concept 
should consider all three pillars of sustainability [7] in order to create sustainability- 
oriented innovations which aim at reducing the negative — and strengthen the posi- 
tive — life cycle-related impacts of products within these three pillars [8]. Such a design 
approach can be understood as a DfS approach in a narrow sense. Nevertheless, another 
subset of all DfX approaches — those ones focusing on at least one sustainability dimen- 
sion — can also contribute to reach sustainability targets (such as DfE for an environmental 
focus). They are seen as DfS approaches in a broader sense, here. In order to provide a 
significant overview, this study also includes such DfS approaches. 


3 Taxonomy of Design for Sustainability Approaches 


To present a significant picture of the state-of-the-art of the various DfS approaches 
existing in the manufacturing sector, a taxonomy is used. This taxonomy was derived 
from a taxonomy presented by Pecas et al. [9] who, amongst others, aim to study the state- 
of-the-art of life cycle engineering (LCE) —a similar group of concepts and methods — and 
intend to answer questions similar to those raised in the introduction. 

The taxonomy (see Fig. 1) is structured in a hierarchical form. The first part — 
the theory level — considers the intended contribution of the analyzed publications. 
Here, their aim and content are characterized by answering the question “What is the 
intended type of contribution”? The second part of the taxonomy — the design level — is 
divided into two sub-levels. At the level of the DfS activities, the question “What is 
done by DfS” is to be investigated. In order to answer this question in a differentiated 
way, further sub-categories are considered. The target perspectives include the three 
dimensions of sustainability as well as aggregated target systems referring to two or all 
three dimensions. Another sub-level are the tasks that should be accomplished by DfS. 
Since the state-of-the-art of DfS approaches is to be investigated, it is to be expected 
that design (or engineering) is in the foreground. However, it is also conceivable that 
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evaluation tasks are considered instead of or in addition to design (this is one result 
of the literature survey about LCE [9], p. 77). Furthermore, the basic DfX approaches 
suggested, and the methods applied within them are investigated. The second sub-level 
are the reference objects, with the question to be answered “To what objects does DfS 
refer?”. The reference objects can be structured in sub-categories too, here including 
alternatives (products, processes, or resources), life cycle phases and target figures. 


z | = = 
i 


+ Economic * Design/engineering 
+ Environmental * Evaluation 

+ Social 

+ Aggregated 


* Models 

* Frameworks and 
Guidelines 

+ (Life Cycle) Assessment 


Design level 


* Products - Design * Economic 
* Processes + Manufacturing + Environmental 
+ Resources * Use * Social 

* Maintenance * Aggregated 

+ EoL 


Fig. 1. Taxonomy 


4 Methodology of Literature Review 


For providing the intended state-of-the-art, firstly the relevant publications had to be 
identified. To find such articles, adequate keyword combinations had to be defined, and 
suitable databases had to be selected. The literature research was done by using four 
databases: EBSCO, ScienceDirect, Scopus and Web of Science. For searching in these 
databases, keywords were selected and connected with the Boolean operator ‘AND’ to 
create key word combinations. These keyword combinations can be classified into three 
parts. The first section represents the combination of the search term ‘Design for X’ with 
either “sustainab*’, ‘manufacturing’ or ‘production’. In the second section, ‘Design for 
Sustainab*’ is connected to ‘manufacturing’ or ‘production’. Finally, ‘Design for’ was 
linked to either ‘sustainab*’, ‘manufacturing’ or ‘production’ and additionally one of 
the three sustainability dimensions was added. Since a comprehensive overview of DfS 
in a narrow as well as in a broader sense was intended, the search not only focused on 
DfS (e.g., key word combination “‘Design for Sustainab*’ AND ‘manufacturing’”’), but 
also on DfX methods that address individual sustainability dimensions (e.g., key word 
combination “‘Design for’? AND ‘production’ AND ‘environmen*’”’). Afterwards, the 
resulting key word combinations were used for searching for results in the title of articles 
in the data bases. This initially allowed 205 results to be found after the duplicates were 
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removed. By scanning the abstracts (133 articles excluded), checking the bibliometric 
scores (H-index higher than 80 or VHB ranking of at least C; 45 papers excluded) and 
carrying out an in-depth analysis (twelve articles excluded) a total of 190 articles could be 
identified as not relevant. As a result, 15 articles remain as the most relevant publications, 
whereof one only provides an overview of existing approaches in the form of a literature 
review, which therefore was excluded. Nevertheless, this article as well as the other 
ones were used to find additional relevant literature using the snowball principle. Thus, 
two other publications were identified as relevant, which are therefore included in the 
in-depth analysis of 16 articles using the taxonomy (see chapter 3). The procedure of 
the literature review is presented in Fig. 2. 


Doup for X AND sustamab* Doriga for AND sastainab® ANDO 
Dong for X AND mumûxtnmiog ecological | cnyironmen* economic / social 
Ẹ Design foe X AND production Design for AND marnifscturing AND 
E = ccological | environmen? “economic / social 
Design for Sustains? AND menafscwutiog } Dengn for AND production AND 
Design for Sustainab* AND production J ecological | environmen -economic *sòcinl 


DDAA 


Ea 
Screening by different criteria 
= m SET eee 
i ; } .- 15 anicics i) f Two articles inchided additionally 


In depth analysis of 16 articles 


Fig. 2. Method of literature review 


5 Results of Literature Review 


For the in-depth analysis of the 16 selected articles, the DfS Taxonomy was applied. 
Consequently, they were firstly analyzed with regard to the intended type of contri- 
bution. Five articles represent purely methodological frameworks [3], [10-12] whereof 
one additionally focuses on behavioral aspects [7]. Seven other articles present method- 
ological frameworks as well. Moreover, these frameworks are applied in case studies 
[8], [13-18]. Another publication combines a framework with a use case and a tool [19]. 
Of the remaining three publications, one is an empirical work [20], one is a methodical 
work suggesting a mathematical model [21] and one is a methodical work that presents 
a model and its application in a case study [22]. 

The activities sub-level follows in second place. Regarding the target perspectives, 
there are diverse results. Five articles focus exclusively on one sustainability dimension 
whereof three refer to the environmental perspective [10, 14, 16], and each one refers to 
the economic [22] as well as social dimension [13]. An economic and also environmental 
perspective is considered in four papers [17], [19-21]. These perspectives are supple- 
mented by the social perspective in one paper [8]. Besides the individual evaluation of the 
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sustainability perspectives, an aggregated view on the holistic sustainability can be found 
in five publications [3, 11, 12, 15, 18]. In addition to the three sustainability dimensions, 
an institutional perspective is included in another article [7]. Concluding, it is noticeable 
that more than half of the analyzed papers refer to only one or two sustainability dimen- 
sions. Just one paper considers all three sustainability dimensions separately. Another 
five publications show an aggregated view. This shows a non-uniform picture with a 
diverse target-orientation of the approaches. 

Concerning the tasks, the design/engineering perspective is at least indirectly taken in 
all identified publications. This is inherent in the character of the ‘Design for’ approaches. 
Nevertheless, there are three papers in which the task of evaluation is focused [13, 19, 22]. 
Seven articles only focus on design/engineering [3, 7, 8, 10, 17, 20, 21] and six articles 
consider both design/engineering and evaluation [11, 12], [14]-[16], [18]. Concluding, 
the emphasis within the tasks is on designing and engineering of the reference object 
which is often supplemented by an evaluation. 

A very diverse understanding of the considered DfS concepts can be seen regarding 
the approaches and methods suggested. As a basic DfX approach, DfE was used in 
four publications [10, 14, 16, 21]. Additionally, there are four articles that specifically 
refer to DfS [3, 7, 8, 12]. Furthermore, Design for Manufacture and Assembly (DfMA) 
was mentioned twice [18, 22] and Design for Recycling (DfR) [19] and Design for 
Remanufacture [20] were noted once each as basic methods. A further development of 
the Design for Manufacture, the so-called Design for Sustainable Manufacture (DfSM), 
was addressed in three publications [11, 15, 17]. The social dimension was once focused 
on by usage of Design for Social Sustainability (DfSS) [13]. 

Regarding the methods in detail, a framework for DfSS was presented that con- 
tains guidelines as well [13]. Moreover, a conceptual methodological framework which 
shows a six-step approach including a formula for DfSM was suggested [17]. Three arti- 
cles present mathematical models [14, 15, 21]. Assessment procedures were mentioned 
in three articles. One article uses different indicators for assessment e.g., to determine 
manufacturing costs, energy consumption as well as personal health & safety [11], while 
another publication calculates a normalized score and therefore uses life cycle inventory 
and unit process modelling as a basis [18]. A third article presents a combination of 
life cycle assessment (LCA) with an adapted methodology for eco-design, the so-called 
eco-briefing [16]. Moreover, three paper present models, whereof one paper uses a soft- 
ware tool that is based on a multi-attribute decision making method [19], the second 
one is based on a computer-aided design model [22] and the third one contains differ- 
ent performance metrics [10]. Additionally, five publications are limited to theoretical 
considerations that provide starting points for methodological approaches. One presents 
ideas to include social impact categories in the LCA method [12], one presents a DfS 
taxonomy that combines various DfX approaches [3], and a third one presents four pos- 
sible DfS approaches to innovation [8]. Moreover, one paper suggests guidelines for 
DfRe [20] and another one focuses on principles for DfS [7]. 

Regarding the reference objects within the design level of the taxonomy, nine papers 
focus on just one type of alternative (eight aim at products [7, 8, 12], [17]-[21] and 
one concentrates on processes [22]). Furthermore, three studies address two alternatives, 
whereof two studies focus on products and processes [3, 14] and one paper takes products 
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and resources into account [16]. The other four studies include a third alternative. Three 
concentrate on products, processes, and resources [10, 11, 15] whereas one paper focuses 
on paradigms besides products and processes [13]. 

With regard to the considered life cycle phases, it is remarkable that the first group of 
DfX approaches explicitly bears one or more life cycle phases in its name (see chapter 2). 
However, this is not true for the remaining approaches. Therefore, all considered studies 
were examined in terms of their life cycle reference. The majority of papers analyzed 
(eleven out of 16) cover the entire life cycle (design, manufacture, use, maintenance, and 
EoL) [3, 7, 21, 8, 10, 12, 14, 15, 17, 19, 20], whereof two studies especially concentrate 
on the manufacturing and the EoL phase [20, 21]. One paper covers the product life 
cycle without the EoL phase [13]. Out of the remaining four papers, three focus on the 
planning and the manufacturing phases [11, 18, 22] and one takes the manufacturing 
phase exclusively into account [16]. 

Considering the target figures, there are five papers for which specific target figures 
are difficult or not at all to be named. These are the papers that are limited to theoretical 
considerations and do not suggest concrete methods [3, 7, 8, 12, 20]. However, there 
is one article that takes the economic perspective into account by using a method that 
leads to an optimized DfMA “decision” with lowest product manufacturing costs when 
considering engineering parameters as well [22]. Three papers present target figures 
that are related to the environmental perspective: an optimized overall utility [14], the 
environmental impact as target figure [16] and a focus on DfE principles that contain 
categorical as well as numerical characteristics [10]. The social dimension is addressed 
by just one paper [13] where 16 criteria are used as target figures. From the three papers 
referring to the economic and environmental perspective, the Global Recycling Index 
[19], a method that has an optimal DfE effort level as target figure [21], and a specific KPI 
(the life cycle commonality metrics) [17] are considered. The remaining three papers 
suggest an aggregated target figure considering all three sustainability dimensions: a 
Sustainability Index [15], a normalized score [18] and an acceptable sustainability level 
for products or processes [11]. Concluding, the analysis shows a variety of target figures 
are used even within the individual sustainability dimensions. 


6 Conclusion 


Based on a taxonomy presented, this paper analyzed the state-of-the-art of DfS concepts 
in the narrower and broader sense by doing a literature review. However, it should be 
noted that there are some methodological restrictions. First, the number of articles found 
is limited due to the key word combinations and databases used. In addition, the key 
words were searched exclusively in the titles of the paper. Moreover, the search was 
limited to DfS approaches related to manufacturing. 

Regarding the analysis of existing DfS approaches, it can be noted that there are very 
few numbers (16) of papers that present DfS approaches with reference to manufacturing. 
Most of the approaches address only one or two of the sustainability dimensions. Articles 
that present a holistic method for DfS are clearly in the minority. It is particularly 
noteworthy that no two papers use the same methodology or the same target figures, 
even if papers refer to the DfS approach in a narrower sense. The great heterogeneity of 
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the methods used implies that a state-of-the-art methodology does not exist. Furthermore, 
Life Cycle Costing as the accepted method for the evaluation of economic sustainability 
is not used in any of the papers analyzed. LCA as a state-of-the-art method for assessing 
environmental sustainability is used at least in some papers. These results are widely 
consistent with those of another literature review that focuses on the life cycle and 
sustainability-oriented assessment in the manufacturing sector [23]. 

As sustainability is becoming increasingly important, especially in the manufacturing 
sector, companies have to pay greater attention to using resource-saving processes and 
producing sustainable products. For enabling this, further studies should be directed 
towards developing a coherent and uniform methodology for DfS that takes the state-of- 
the-art of dimension-specific methods into account. Additionally, case studies should be 
conducted in order to validate and refine the methodology. By means of such a uniform 
methodology, it is then possible to compare the results of the case studies with each 
other and to derive significant conclusions regarding preferable alternatives. 
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Abstract. Metal additive manufacturing among other advantage offers a high 
degree of freedom in the design of components and shortening of conventional 
manufacturing process chains. Hence, there are questions of technological fea- 
sibility, efficiency and sustainability. Current relevant studies, especially on the 
sustainability of selective laser melting, often examine only one aspect. At the 
same time, companies in various sectors are faced with the question of whether 
and if so, to what extent it is worth converting their production towards addi- 
tive manufacturing units. In any case, the context is filled with complex issues in 
several decision-making dimensions. 

In this paper, a special concept for academic education is introduced. It mirrors 
the complexity of decision-making issues, relevant problems and solutions, in a 
fictitious enterprise project named ,,AM for Future!?”. The project is played as 
a serious game with an explicit educational purpose. It is an adaptable toolbox- 
like game structure on a solid methodical basis. Besides clear roles with a focus 
on different dimensions of sustainability, it also enables variation of products 
and process chains. Gameplays of different project settings, spanning over three 
consecutive semesters, confirm the game plan as a safe environment and suitable 
world of experience. For research, the output of the different game seasons can be 
used as a simplified parameter study. This applies to objectively quantifiable as 
well as different qualitative approaches. These approaches influence the answer 
to the question of whether and, if so, how a conventional process chain can be 
specifically replaced and/or supplemented with metal additive manufacturing. 


Keywords: Serious Game - Sustainability - Additive Manufacturing 


1 Introduction and State of the Art 


Nowadays, policies and decision-making focus more and more on ecological sustain- 
ability. This becomes evident when looking at the Green Deal of the European Union 
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including major COp-taxation. Additionally, ecological sustainability is listed in the 
top 4 of main goal of the European Council [1]. Societal and economic impacts of an 
environmental friendly transformation in technology frame ecological changes [2, 3]. 
Besides that, new manufacturing technologies and process chain designs emerge and 
allow to push the boundaries regarding geometries and product quality features. Metal 
Additive Manufacturing (M-AM) is a famous example in this field. Especially, Laser 
Powder Bed Fusion (L-PBF) increases its value for industrial application throughout 
numerous studies on materials, their properties and secondary effects [4]. By joining 
both the trends, AM and sustainability together, research output increases tremendously 
during the last ten years, which is shown in Fig. 1. 


Number of publications 


2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 
Years 


Fig. 1. Number of publications found in Web of Science on 19th April 2022 with the query 
“sustainability AND additive manufacturing” 


There is a lack in the state of the art, regarding the wholistic approaches to the 
question, whether or not the L-PBF process is sustainable. Several studies focus on single 
aspects, acting like pieces to a bigger puzzle [5-7], whereas some papers judge L-PBF 
sustainable and others do the opposite. Consequently, various facts and circumstances 
have to be focused on to reach a final decision. Most advantages of AM in general lie in 
material saving potentials, reduction of storage and logistics, geometrical optimization 
opportunities and life-cycle performance regarding repair and adding functions to an 
existing part [7]. Challenges arise from the scope either only on production or on the 
whole life cycle [8], a lack in education, a lack in knowledge about part performance, 
expandable optimization in production flows [5] and high specific energies [6]. 

The complexity to answer the question, whether AM increases sustainability in 
manufacturing, advances again, if different parts or products are considered and if a 
second question on substitution of or supplement on conventional process chains rises. 
Not only is this a challenge to researchers looking for industrial use cases to study, but 
also for decision-makers in different industries. 
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Sustainability is often linked to ecological effects. However, a wholistic approach has 
to be multidimensional since, there are influences on economy inside an enterprise and 
(inter)national economics and on society in general as well as employees in a company 
and players in a project group [2]. A fourth optional dimension is technology itself [9]. 

Serious game is a term for games serving other purposes beyond entertainment. 
Under the guise of an entertaining game, societal or educational goals can be pursued 
[10, 11]. In this study, a serious game concept serves for academic education of engi- 
neering students, who participate in a simulation of the real world. The approach of 
matching games with learning objectives is commonly used in training of pilots, emer- 
gency medicine [11] or even in industrial environments [12]. Nevertheless, by literature 
research that addresses the subject specific purposes mentioned above could be found. 

The Federal Institute for Vocational Education and Training in Bonn, Germany (Bun- 
desinstitut fiir Berufsbildung, BiBB) acknowledges serious games as a method to assess 
complex issues in a safe environment and in an iterative or evolving manner [13]. Based 
on the information given in several references, the following list concludes the key 
features of a promising serious game [10-13]. 


e Choose an attractive topic embedded in a plausible setup. 

e Define rules, assignments and goals with distinction between game production 
focusing on the architecture and game design focusing on in-game features. 

e Choose between Rigid-Rule-Games with fixed rules and settings and Free-Form- 
Games with more degrees of freedom during the game or blend both types. 

e Keep up with the flow and monitor the current state repeatedly 

e Be careful to acquire an unbroken documentation of both game production and game 
design 


Content and development of “AM for Future!?” are mainly based on these key fea- 
tures. Especially itis built up in a frame differing in basic concepts, design and production 
of the game [10] — with several special issues explained closer in the following. 


2 Basic Concepts and Design of “AM for Future!?” 


2.1 Basic Concepts 


The game “AM for Future!?” is played as a simulation of a project in metal industries, 
so one main concept is to depict a real situation in a fictitious game world as close to 
reality as possible. All content tasks in the game concentrate on solving the problem 
“switch to additive manufacturing or not, considering sustainability”. There are clearly 
defined learning goals with respect to the complexity of problem solving as well as the 
target group of master students in materials science and engineering. 

The game is divided into three layers. One is the project layer in which the gaming 
takes place. The project has project members such as executive director, process plan- 
ner and production manager, played by students. Besides that, there are two external 
consultants, played by two institute staff members. A suitable project management as 
well as competences in systems thinking, product- and process design are crucial soft 
skills. Therefore a “toolbox” is given as one part of the game plan. The second layer is 
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understanding and explaining the game design. Students and game directors interact out 
of their real position as learners and teachers. The third layer is the game development 
and further development from a meta position. All people involved in the game serve all 
three layers. This layered concept is mirrored in the ongoing game production with the 
concept of a dynamic mixture between free-form-game and rigid-rule game. 

One of the most important concepts and very special in “AM for Future!?” is that 
each given “company role” relates to one aspect of sustainability [Fig. 2]. The executive 
director mainly argues from economical aspects, the process planner from ecological and 
the production manager from social aspects. Conflicts between the aspects resp. Their 
evaluation in the given production system vs. alternatives of a production with additive 
manufacturing are an intended part of the game. Life cycle designs, the opportunity to 
repair products and recycling or second life concepts contribute to a smaller environmen- 
tal footprint of a product [8], but to achieve technological sustainability, the processes 
and operational plans have to be capable and adjusted to new cycles. Throughout game 
production, the role of an external technology consultant is related to basic aspects of 
technological feasibility. Latest research work with a rather theoretical approach came 
to similar conclusions [9]. 


Dimensions of sustainabilit 


Technology 
* Functionality * Reparability 
* Modularity * Materials variety 


Longevity 


d Economics Ecology Society 
* Product costs * Resource | Safety at work 
* Profitability efficiency Working 
* Competitive * Energy atmosphere 

position consumption Motivation 
* Marketing * Life cycle design Health 
* Customer * Globalization Job security 
acquisition * Disposal 
* Logistics — costs * Recycling 
e os * Logistics — 
modalities 


Fig. 2. Dimensions of sustainability as a part of the game, similar to [9] 


2.2 Design 


The design of “AM for Future!?” is summarized in Fig. 3. Main design elements are 
learning goals, setting, tasks and toolbox. There are learning goals related to techno- 
logical and sustainability expertise and more general ones related to system design and 
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project work skills. In the “setting” the roles of the players are defined, product and 
conventional production processes are given. The “tasks” differ between the layers men- 
tioned above: project tasks, gaming tasks and tasks to further develop the game. The 
design element “toolbox” represents the model and methodical base for project work. It 
is inspired by the systems engineering approach of Haberfellner et al. [14] and decision 
making in complex situations [15, 16]. 

Most of the design elements are described in the game plan. Besides there are several 
documents with technical, calculatory and other methodical information. MS TEAMS 
is used as digital platform for communication and cooperation as well as for ongoing 
documentation. 


Framework Setting 
* Introduction * Enterprise 
* Learning goals * Product 


* Place in curriculum Current process chain 
* Supervisors Roles 
Methods and Tools Tasks 


* Systems thinking 

* Project management 
* Methodological auxiliaries 
* Control questions 


* Project management 

* Technological decision-making 

* improvement of the serious game 
* Lecture technicalities 


Fig. 3. Design elements of “AM for Future!?” 


3 Iterative Research and Development 


So far, there were three game cycles in three study semesters with a fourth iteration 
running. Production of the game is an ongoing process of iterative research and devel- 
opment, shown in Fig. 4. In the first run it was almost a free-form game with tasks not 
only to find solutions for a possible new sustainable manufacturing but also to set up 
details for the initial situation, the toolbox and the roles. From the first run to the next 
were changes especially in the technological focus accompanied by changes in “setting” 
and “tasks”. Changes in the game design are based on role and game ruling experiences 
as well as the factual and methodical results from previous cycles. Regular reviews are 
part of the development tasks. Iterative development also involves additional informa- 
tion packages and digital tooling. Finally, there should be a modular game structure 
with fixed and variable elements, more rigid-ruled, but never completely ruled, in newer 
versions than in previous ones. 
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Adjustments 
according to lessons 
learned during the £ 
first run 

Approach: replace 


1. Setting up the details while playing with a raw concept + establishing didactic methods 


2. Verifying the setup 


Adjustments 


according to lessons 
learned during the 


Rigid-Rule-Game 


Iterative adjustment 
of the serious game 
to reality and 
educational 
demands 


Adjustments 


and decision-making conventional previous run according to lessons 
manufacturing by * Approach: replace learned during the 
L-PBF conventional previous run 
L manufacturing by * Approach: replace 
| L-PBF AND suitable or complement 
——— j post-processing conventional 
——<—_ —_—_—__—_——_—— techniques manufacturing by 


Product: Gearwheel Metal-AM, either 


L-PBF or Metal-FFF | 


Product: Wishbone 


Product: Bike coupling sleeve 


Fig. 4. Production of the game 


4 Experiences and Results 


With the experience of almost four game cycles, lots of recognitions were gained. The 
experiences and results are divided into two sections, a more technical one and a more 
methodical one. 

Concerning the question “metal-AM facing sustainability: yes/no/depending?”’: 


e L-PBF is only applicable from an economical point of view in high-end sectors with 
high requirements for geometrical complexity or aesthetic design. 

e The main sticking point in ecological sustainability is powder production and con- 
sumption of electrical energy. L-PBF could be more environmental friendly, ifresearch 
and industry addresses those two issues towards higher degrees of efficiency. 

e Operators must face intensive training since there is no training profession in the field 
of AM, at least there is currently no such profession in Germany. However, jobs are 
rather not threatened by AM. 

e Sustainability aspects raise a conflict of objectives. On the one hand, integral design 
is an argument pro AM due to the ability for functional integration and less joints 
in a product. On the other hand, for the sake of reparability, differential design is 
recommended. The question which design method applies in what degree, depends 
on each specific case. 

e Evaluation strongly depends on defining systems resp. System borders (given system 
and the AM alternatives) and on the weight of different aspects. 


Concerning basic concepts, design and production: 


e Balance between a clear setting and the freedom to follow ideas while playing is a 
key feature to a successful serious game in education. 
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e The portions of blending Rigid-Rule-Game and Free-Form-Game together can change 
upon iterations and should be adaptable to the audience, learning goals and tasks in a 
modular approach with complementary design elements. 

e Game supervision should act neutral and steer only if necessary. If consultation is 
required, prescribe consultants into the setup. 

e Expert knowledge should be available in the background and should answer the 
demands of a student group. Immediate access to all kinds of information overextends 
students and blurs the games focus. 

e Always distinct between what is game related and what are technical issues. In a 
project meeting everyone should be clear, whether one is acting in his or her role of 
the serious game or whether one is being him- or herself. 

e Decisions to solve the given problem(s) should be based on a mix of suitable criteria, to 
be calculated resp. Evaluated by a complementary mix of clear quantitative methods, 
expert knowledge, results of literature research and intuition of the decision-making 
individual and team. 


5 Summary and Future Studies 


Naming and evaluating aspects of sustainability for a technical system mostly depends on 
decision making in a complex surrounding. This is what it is in the serious game “Additive 
Manufacturing for Future!?”. Before starting the cycle of serious games, there was the 
literature-based idea that M-AM enhances overall sustainability of a process chain, even 
though some papers reject this hypothesis. Several runs of the game proved that a final 
answer to this question is very complex to reach. Additionally, it took these several game 
runs to figure out the relevance of basic technological feasibility criteria — finally leading 
to a fourth dimension of sustainability. Variation in system boundaries could change the 
project results as well as shifting the focus within the four dimensions. Monitoring on 
the fly and after each game run showed that learning goals were accomplished. 

Future studies could cover other technical products and other constellations within 
the fictitious enterprise. This allows a parametric study with a variation of individual 
influences due to different players and different roles. Additionally, more information 
on how to place M-AM in industry and what kind of products it is suitable for could 
be gathered. Regarding the game further improvements, maybe with enhanced interdis- 
ciplinarity with expertise in the field of psychology, social sciences or didactics, could 
improve the game itself, its attractiveness and the reliability of scored results. On the 
whole, improving this serious game towards a modular system with adjustable content, 
helps future and present-day decision-makers educating their judgement. 
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Abstract. The demand for enhancing the flexibility and efficiency of the manu- 
facturing industry has rapidly increased over the years due to mass customization 
to cater to the needs of society. The conventional manufacturing industry could 
not survive these rapid changes. Though, the manufacturing sector is the forerun- 
ner to embrace technological paradigm shift, which paves the way for Industry 
4.0 or the 4th industrial revolution. With Industry 4.0, now many world leaders 
are moving towards a new concept called “Factories of the Future” (FoF), which 
predominantly engages with the cyber-physical world to digitalize manufacturing 
while maintaining a strong link between hardware and the cyber-physical world. 
To perform any manufacturing, engineering teaching/learning programs should 
introduce these concepts with some practical exposure, which will enable stu- 
dents to contribute to the manufacturing industry all around the world. Therefore, 
this study focuses on converting an old manufacturing lab into a learning factory 
to promote FoF concept. This is achieved by enabling existing manufacturing 
machines to be digitally connected via Industry 4.0 while creating connections 
with the other machines to create flexible manufacturing systems (FMS). Com- 
petencies in integrated scheduling of machine centers and autonomous material 
handling systems were also explored. Furthermore, the study suggested that the 
conversion of the manufacturing lab needs to be done in many different integration 
platforms. 


Keywords: Learning Factory - Factories of the Future (FoF) - Industry 4.0 - 
Internet of Things (IOT) - Flexible Manufacturing System - Integrated 
Scheduling 


1 Introduction 


The manufacturing sector currently contributes 16% to the global GDP [1], which makes 
it one of the essential factors contributing to the imports and exports of any country. 
Given the importance of manufacturing as a source of revenue for any country, fostering 
excellence has become a strategic priority which makes the manufacturing industries 
more competitive and demanding. To cope with this highly competitive environment, 
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the manufacturing industry needs to be more flexible and more efficient. This furtherance 
in the manufacturing environment requires a technological paradigm shift that paves the 
way for the Factories of the Future (FoF) concept, which is enabled by Industry 4.0 or the 
4th industrial revolution. The FoF concept encourages future-oriented manufacturing that 
implements intelligent and sustainable processes using cutting-edge digital technologies 
[2]. It makes creative, efficient, and optimized use of resources and energy. Industry 
4.0 refers to the present trend in both professional and academic fields of industrial 
technology automation and data sharing, which includes cyber-physical systems, the 
Internet of Things (IoT), cloud computing, and cognitive computing, as well as the 
creation of the smart factory [3]. 

Industry 4.0 is based on the use of digital technology to collect and analyze data 
in real-time, delivering important data to the manufacturing system [4]. When it comes 
to developing nations, it is very difficult to acquire these state-of-the-art manufacturing 
facilities due to the lack of funding. As a solution to this problem, consideration was taken 
place to use a few old conventional manufacturing machines for this study. However, to 
accommodate the 4th industrial revolution and its technologies, the old manufacturing 
machines need to be digitalized to a certain extent for data collection and data analysis. 

Before considering a full-fledged industry, to perform any manufacturing, the edu- 
cation sector needs to adapt and expose these cutting-edge technologies to the students 
for them to be able to contribute to the manufacturing industry all around the world. 
Therefore, the educational paradigm needs to address the emerging challenges of the 
manufacturing sector by practicing in an industry-relevant environment with more mod- 
ern and realistic manufacturing practices called the learning factory (LF), which has 
facilities to learn multidisciplinary abilities, skills to synthesize, and adaptability to a 
variety of situations [5—8]. Even though there are many studies on the usage of industry 
4.0, there are no significant studies on the conversion of old conventional manufacturing 
machines using Industry 4.0 technologies, especially in an LF. Therefore, this study paid 
particular attention to LF to educate of FoF concept. 

This study also explored Flexible Manufacturing Systems (FMS), competencies of 
integrated scheduling of machine centers, and material handling systems in a learning 
factory. A flexible manufacturing system facilitates flexibility of the system to improve 
productivity and lower the work-in-process inventory [9, 10]. Integrated scheduling 
in production involves scheduling, batching, and coordination of delivery decisions to 
achieve optimization in operational performance [11]. 


2 Methodology 


2.1 Conversion of Conventional Manufacturing Machines to Smart Factory 
Using IoT 


In order to convert old conventional manufacturing machines to accommodate industry 
4.0 technologies, the machines should be connected to four tangible layers: the physical 
resource layer, industrial network layer, cloud layer, and supervisory control terminal 
layer [12]. These layers can be further categorized into different integration platforms 
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such as the resource platform, sensing platform, network and service platform, admin- 
istration platform, and application platform. This system architecture is illustrated in 
Fig. 1. 
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Fig. 1. Framework of a smart factory in a learning factory 


Ideally, the resource platform will in include both human resources and machinery 
resources. The human resources include the students, operators, and instructors, while 
the machinery resources include the learning factory setups, equipment, appliances, and 
machines. 

The sensing platform, that interconnects sensors and controllers to the industrial 
network layer, consists common interface module, communication module, and control 
module. The control module is capable of connecting sensors, and controllers via a 
common connection protocol. This layer should be able to self-configure and self-adapt, 
which are considered the main features of the sensing layer. 

The network and service platform consists of the backbone networks along with 
resource and administration platforms. The backbone network includes 3G, 4G networks, 
optical fiber networks, and Ethernet networks. 

The administration platform provides means for data processing, data storage, secu- 
rity management, and application support. This fosters specific IoT support capabili- 
ties as in any telecommunication network layer, such as authentication, authorization, 
mobility management, services, applications, users, and developers. 

The application platform provides a common function and an open application pro- 
gramming interface (API). With the aid of the API, users could publish information to 
the application platforms. 

For a digitalization process, information transparency is important. The available 
data needs to be identified and then convert into accessible data with the aid of sensors 
and measurement devices. Furthermore, the data needs to be converted into active data, 
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which is real-time data. The final step is to transform data into action-oriented data, 
which can be used in optimization algorithms, deep learning, and big data analysis. 

During the process of transforming accessible data into active data, sensors will be 
connected to a network through interfacing devices. Then, a visualization method will 
be implemented to access the data. Next, a further transformation of accessible data 
into active data will be done by enabling real-time monitoring through the visualization 
method. When using these data for performance optimization, efficiency improvement, 
extending capabilities, reducing downtime and machine lifetime widening these data 
will become actionable data. 


2.2 Flexible Manufacturing System (FMS) and Material Handling System 


An FMS can have different forms of flexibility, such as process flexibility, material 
handling flexibility, machine flexibility, operation flexibility, product flexibility, routing 
flexibility, volume flexibility, expansion flexibility, production flexibility, and control 
program flexibility [10]. For an FMS setup, to accommodate any of these flexibili- 
ties, all the machines need to be able to communicate with each other. The common 
information that is needed to implement these flexibilities is the status of the machine 
processing. Using the smart factory approach, sensors can be installed to get the status 
of the machining process. To communicate this information with the other machines, 
IoT-enabled hardware needs to be installed to create a wireless sensor network. This 
can be done with wireless sensor network hardware and technology such as Zigbee and 
Xbee. With its low power, low data rate, low cost, and short time delay characteristics, 
Zigbee is one of the most widely used Wireless Sensor Network standards. It is also 
easy to develop and deploy, offers strong security, and has high data reliability. Xbee is a 
module that uses a radio communication transceiver and receiver which supports Zigbee 
protocol. It has a source/destination addressing feature with unicast and broadcast com- 
munication support which supports point-to-point, point-to-multipoint, peer-to-peer, etc. 
communication topologies. 

The mismanagement of the materials and logistics can reduce productivity and effi- 
ciency. Therefore, good material management should be implemented, which involves 
planning and controlling the quantity of the materials, punctuality of the placement of 
materials and equipment, and delivery of the right quantity. To manage the material 
handling system, an automatic guided vehicle (AGV) can be used. The AGV also should 
be able to access the machine process status information. Therefore, the AGV should 
have a communication protocol method to be able to receive the information from the 
wireless sensor network. This communication can be established using serial communi- 
cation or through software applications such as Robot Operating System (ROS). ROS is 
an open-source framework that helps researchers and developers in creating and reusing 
code for robotics applications such as an AGV. 


3 Case Study 


So far, the work presented focuses on concept definition. Concept implementation will be 
part of an ongoing and future collaborative project work. The implementation approach 
is shortly discussed in the following paragraphs. 
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The Department of Manufacturing and Industrial Engineering (DMIE), University 
of Peradeniya, Sri Lanka, has a few old conventional manufacturing machines which 
needed to be digitalized and IoT enabled to create a smart factory and a learning factory. 
In addition, due to the Covid-19 pandemic, globally, there was a paradigm shift in the 
method of education. All the classes and practical sessions were obliged to be conducted 
online. Due to this reason, there was a need for the academic staff and the students to 
access and control the machines remotely. Therefore, the conversion of the conventional 
manufacturing machines to a smart factory concept was implemented in a Computer 
Integrated Manufacturing (CIM) center, which consists of an RH-M2 Mitsubishi robotic 
arm. 

The controller of the robot arm was connected to a control PC via an RS232 interface. 
A Wi-Fi module (ESP 8266) was connected to the PC via a USB port, and then it was 
interconnected to the PC and the cloud database through the network layer. Values 
updated in the real-time database were sent to the control PC via network layer using 
ESB 8266. With the aid of real-time data, commands were obtained, and the robot arm 
was controlled online. A camera is installed to view the movements of the robot arm. 
The connection of the robotic arm is illustrated in Fig. 2. 
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Fig. 2. Connection of the robotic arm to obtain the real-time data. 


To interact, code, control, and view the movements of the robotic arms in the CIM 
center, a dashboard was created named ‘Smart DMIE’, which was named after the 
Department of Manufacturing and Industrial Engineering (DMIE). The Smart DMIE 
interface enabled the students and the instructors to conduct laboratory sessions online 
in real-time without physical participation. The dashboard programming panel allows 
students to remotely write programs and execute them to control machinery and button 
controllers (see Fig. 3). The dashboard also displayed the collected data on a graph to 
analyze the data conveniently. 

To create the Smart DMIE dashboard, web-based applications and languages were 
used. To handle the request from the user, a back-end JavaScript runtime environment, 
‘Node.js’, was used. Node.js is an open-source, cross-platform, and executes JavaScript 
code outside of a web browser. It helps to create scalable network applications. In this 
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Fig. 3. ‘Smart DMIF’ online dashboard. 


case, Node.js controls the server and collects data asynchronously which makes it a 
faster connection. To define, manipulate, retrieve, and manage data, ‘PostgreSQL’ was 
used as a database. PostgreSQL, also known as Postgres, is an open-source object- 
relational database system that utilizes and extends the SQL language to safely store and 
manage complex data workloads. To bridge Node.js and Postgres database, ‘Express.js’ 
was used. Express.js is an open-source web application framework for Node.js which 
can program web apps that can be launched using a web browser. It is mainly used to 
design and construct web applications quickly and easily. Figure 4 illustrates the software 
architecture that was used to create the Smart DMIE dashboard. 
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Fig. 4. ‘Smart DMIE’ dashboard web-based application and language architecture 


Comparing the case study and the conceptual framework of a smart factory in an 
LF, the human interaction and the robot are considered the resource platform. The cam- 
era that is fixed to view the robot movements and the servos and encoders in the robot 
comes under the sensing platform. The usage of the Wi-Fi module (ESP 8266) connects 
the set-up to the network and service platform. The usage of the Postgres database is 
considered the administration platform. Finally, the usage of Node.js and Express.js acts 
as the application platform. Since the Smart DMIE dashboard was implemented in an 
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academic environment with many ongoing research and education on realistic manufac- 
turing, it supports the learning factory concept. It is evident that industry 4.0 technologies 
have been used by introducing the Smart DMIE dashboard that uses cutting-edge tech- 
nologies to revolutionize and improve manufacturing capabilities. Not only that, the 
Smart DMIE supports future-oriented manufacturing that uses advanced technologies 
such as IoT, cloud computing, cognitive computing, and real-time virtualization. Based 
on this preliminary assessment, and the acquisition of high-quality and relevant manu- 
facturing data from the Smart DMIE dashboard project, it has been identified that the 
implementation of the conceptual framework is successful. 

The future work of this project is to develop the digital twin (DT) enabled dashboard 
or to create a realistic 3D visualization approach to demonstrate DT. The conversion of 
the conventional machines can be implemented in all the other machines in the learning 
factory to enable FMS and AGV-enabled material handling systems. 


4 Results and Discussion 


After the conversion of the conventional manufacturing lab using the help of the four tan- 
gible layers and five integration platforms, to a certain extent, the machines can be used 
to perform advanced and latest manufacturing techniques in a classroom environment 
which makes it an LF. Implementing these layers and platforms uses the technologies 
such as cyber-physical systems, IoT, cloud computing, and cognitive computing there- 
fore, it makes it an industry 4.0-enabled environment. Not to mention, the usage of these 
cutting-edge technologies and implementation of FMS and integrated scheduling allows 
it to perform futuristic manufacturing which promotes the FoF concept. 


5 Conclusion 


This study focused on the conversion of traditional manufacturing machines to a learning 
factory to promote factories of the future concept. This is achieved by enabling existing 
manufacturing machines to be digitally connected via industry 4.0 and by creating a 
flexible manufacturing system. 

In this paper, the concept of how to convert conventional manufacturing machines to 
a smart factory using IoT and the concept of creating an FMS with AGV enabled material 
handling system was explored. The study suggested that the conversion can be done in 
five different integration platforms: resource platform, sensing platform, network and 
service platform, administration platform, and application platform. To create an FMS, 
many machines can be digitalized and enable IoT to communicate through a wireless 
sensor network. To create a material handling system, AGV can be connected to all the 
machines using serial connections or communication software such as ROS. 

An ongoing project at a learning factory at the Department of Manufacturing and 
Industrial Engineering (DMIE), University of Peradeniya, Sri Lanka, proved that the 
conversion of the conventional manufacturing machine to a smart factory was success- 
fully implemented. It is also noted that there can be some limitations to the project 
presented in the paper. Since the machines enable to be controlled online, security can 
a threat to this system. Not only that, the sensor that needs to be installed at the sensing 
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platform varies from machine to machine. Also, the sensors need to be calibrated and 
once again, the calibration can vary from machine to machine. Therefore, a generic 
method of implementation of the sensors and sensor calibration cannot be obtained. 
Though, this study also proved to have advantages such as conducting the laboratory 
classes remotely. Using existing manufacturing machines to implement futuristic tech- 
nologies makes it sustainable manufacturing. Even though there are a few drawbacks to 
the study, ultimately, the implementation of the suggested framework and the subsequent 
validation of the expected benefits will be part of future work. 
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Abstract. The organisation of worker activities in manufacturing shops have 
been differently conceived depending on political, societal, environmental and 
economic circumstances affecting industrial development. From Taylorism and 
Fordism through Lean Manufacturing to the innovative Cell Production system, 
the level and quality of abilities and competencies of workers have increasingly 
become the kernel of factory management models. Sustainability has increas- 
ingly become a crucial factor for product success. The design and manufacture of 
industrial products are conceived in circular loops within the 6R framework. The 
digitalisation of information has allowed significant advancements. Qualified and 
skilled operators have accompanied and led these evolutions, and their abilities 
and creativity have grown relevant, despite the continuous increase in automation. 

This work investigates the contribution of craftsmanship abilities in the indus- 
trial environment. For this purpose, the Craftsmanship Index has been proposed 
to assign a quantitative value to the craftsmanship skills contributing to the man- 
ufacturing activities. A customised questionnaire to be administered to workers 
is used to calculate this index, which is helpful to analyse worker abilities and 
the way they are learned and developed, being part of effective management and 
decision-making tools. A case study in the Japanese manufacturing environment 
expands on previous results achieved in Italy. 

The Craftsmanship Index allowed us to give a quantitative relevance to the 
level of abilities of operators depending on the analysed department. Some cultural 
differences have also emerged thanks to the comparison between the Japanese and 
the Italian culture. 


Keywords: Industry 4.0 - Craftsmanship - Cell Production - Lean 
Manufacturing - Intangible Assets 


1 Introduction 


Craftsmanship has always contributed to the structure of production processes. From 
traditional to mass production, modern industry has always aimed to reduce human 
intervention in production, in order to speed up times and reduce costs, with an increas- 
ing use of machines and automation at the expense of labour, to guarantee products with 
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certain quality standards. Both Taylorism and Fordism present the idea of employing 
a workforce that uses machines to do the job: workers do not actively participate in 
the manufacture of the product, but their actions are limited to the use of machinery. 
With the introduction of the Toyota Production System and Lean Manufacturing, the 
man comes back to the centre of the factory: workers are required to be able to use 
machines, acquire specialist skills and participate in the entire lean factory approach in 
terms of initiative and flexibility. The skills and competencies required are even more 
important in the modern Cell Production systems, where the operator knows how to 
carry out all the tasks related to a product [1, 2]. In addition to today’s economic crisis, 
the increase in competitiveness by emerging economies combined with environmental 
and social considerations have undermined the paradigms of mass production and sci- 
entific standardization, re-evaluating the possibility of an economic scenario in which 
craftsmanship returns to be the protagonist of growth and innovation. The revolution of 
Industry 4.0 is radically transforming workers’ job and competencie profiles. It is there- 
fore be necessary to implement appropriate training strategies and to organise work in 
a way that fosters learning, enabling lifelong learning and workplace-based Continuing 
Professional Development [3]. 

Production systems have shifted from mass production to mass customisation: per- 
sonalised, customised products that present different characteristics for different cus- 
tomers. Mass Customisation (MC) has emerged as a practice that combines the best of 
the craft era with the best of the mass production era [4]. Many companies have been 
able to mix scientific knowledge and tradition, learning to communicate the skills of 
master craftsmen through new communication channels. It is just about using the poten- 
tial of craftsmanship to create value added to a product [5]. Craftsmanship implies the 
production and delivery of high-quality products or services performed by highly qual- 
ified and competent operators. It can be combined with the most modern technologies, 
still being a synonymous with innovation and customization. But skilled workers also 
increase sustainability: environmental, with “clean” production cycles combined with 
longer life cycles; economic, social and institutional, generating new jobs and improv- 
ing manufacturing quality [6]. Fyhn and Søraa use a slightly different model where 
the economic aspect is replaced with “cultural sustainability”. Also, this adheres to the 
definition: “capable of being maintained or continued”, as it has to do with the craft’s 
ability to sustain a knowledge-tradition and practice into the future in terms of having 
sustainable communities of practice bringing forward a certain level of skills in building. 
They do so by changing and adapting these skills to match a transforming reality [7]. 

In a context in which craftsmanship confers characteristics of uniqueness, added 
value and sustainability to the product and the process, it is necessary to determine 
an approach that goes beyond the limits that companies are facing today in this sense, 
and that takes into account how this intangible asset quantitatively and qualitatively 
affects the business system [8]. Intangible resources have steadily increased over the 
years, reaching very high percentages (over 40% of total assets in high-tech sectors) in 
industrialized economies. This rise of the intangible economy could play an important 
role in explaining secular stagnation. Over the past 20 years, there has been a steady 
increase in the importance of intangible investments relative to tangible investments: by 


838 G. Campana et al. 


2013, for every £1 investment in tangible assets, the major developed countries spent 
£1.10 on intangible assets [9]. 

Intangibles (such as human, structural and relational capital) are difficult and expen- 
sive to be measured. The main problem with this kind of measurements is that it is not 
possible to measure social phenomena with anything close to scientific accuracy [10]. 
However, some models have been proposed to provide a qualitative evaluation, which 
is often globally recognized. These models attempt to quantify the company’s human, 
structural and relational capital to convert them into accounting and financial terms. Con- 
versely, other models attempt to quantify these resources more strategically. To date, no 
models for quantifying intangible assets referring to the level of craftsmanship and skills 
used in the manufacturing process of an industrial product have been proposed. 

In this work, the evaluation of artisanal competencies relevance within the indus- 
trial environment is carried by means of a method that has been developed in previous 
studies [9]. It is based on a specific questionnaire that is administered directly to the 
workers and on the calculation of the Craftsmanship Index, CI. In particular, the pro- 
posed methodology has been customised to be applied to the Japanese manufacturing 
context. It allowed us to customise the implementation of the proposed methodology to 
Japan. The proposed approach and the related questionnaire utilised for the evaluation 
are introduced in Sect. 2. The obtained results are presented and discussed in Sect. 3. 


2 Evaluating Craftsmanship in Industrial Environment 


This section deals with the methodology (Sect. 2.1), the structure of the questionnaire 
(Sect. 2.2) and its implementation to the Japanese context (Sect. 2.3). 


2.1 Proposed Methodology and Previous Studies 


The artisan contribution to an industrial product contributes to providing added value 
for the customer, in terms of characteristics such as uniqueness, quality, innovation, and 
sustainability. A focus on employee characteristics such as behaviour or cognitions is 
relevant not only because it can yield important individual outcomes related to wellbeing, 
but also because such characteristics benefit organisations. Job crafting is a promising 
yet relatively unexplored approach [11] that, potentially, employees can use to heighten 
their job satisfaction and wellbeing [12]. 

Operators develop skills and competencies thanks to natural characteristics, personal 
predisposition and vocation, as well as influenced by the surrounding cultural and/or 
work environment. In the Italian development, skills are the abilities that are innate and 
competencies are acquired though training activities. 

The general methodology proposed by [9, 12] is based on the CI that describes the 
performance of manufacturing operators based on four factors: (a) craft skills, Fejs; (b) 
creativity skills, Fco,;; (c) culture, history and tradition, Fcyr; (d) influence of territorial 
vocation, Fr, (Eq. 1). 
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Craft skills refer to the acquired competencies, which a worker learns during his working 
life. An apprenticeship is necessary, while passion is useful but not necessary. Creativity 
skills are related to the natural skills and predispositions, which every person has that, 
once linked to the acquired competencies, can lead to better performance. Culture, his- 
tory and tradition can influence human activities and how people interact with tasks in 
the work context. Territorial vocation may influence as well, in terms of availability of 
natural resources and other features. Most of these points, mainly concerning cognitive 
processes, concur to attribute intangible characteristics to the product and are difficult 
to be quantified. However, they can be effectively defined qualitatively. The number 
of owned skills and competencies is significant and represents a competitive factor for 
certain kinds of manufacturing enterprises: a more skilled and competent worker or 
employee can be evaluated as a competitive advantage. As a consequence, the pro- 
posed index can also be useful to an enterprise to understand how to acquire skills and 
competencies to foster positive development. 

The CI is calculated as a weighted sum of the four factors above, as shown in Eq. 1. 
Weights w; vary according to the production context and societal issues being studied. 
The application of the CI requires a broad and in-depth study of the industrial context 
and societal issues. Information regarding crucial aspects of the product manufacture, 
such as production processes, in terms of their phases and operators’ skills, as well 
as the manufacturing context features (points of strength and weakness), the industrial 
structure and the market. The chosen approach is to consider the production process and 
the skills required at each phase of it together with the competencies that the operator 
possesses to perform the operations. 

The methodology used to investigate the operators’ natural skills and acquired com- 
petencies requires designing a questionnaire based on a set of “closed” questions to 
collect information on the qualitative and quantitative variables being investigated [12, 
13]. The measuring method proposed includes tools through which the interviewee iden- 
tifies the answers closest to an ideal position agreed between the management and the 
experts of the considered process. This allows to quickly involve a large number of 
people to gather information, to know opinions, attitudes, and intentions. With careful 
planning, questionnaires can yield high-quality usable data, achieve good response rates 
and provide anonymity, the latter encouraging more honest and frank answers, than for 
example interviews. This can help to reduce bias [13]. Well-constructed questionnaires 
can contribute to a deeper understanding of job characteristics, craft skills and the context 
in which they are applied. Therefore, the questionnaire proposed in this paper consists 
of a self-evaluations by the operators, who express their opinion about how their own 
skills and competencies are learnt and developed and how they contribute to obtaining 
the finished product. 


2.2 Details About the Questionnaire Structure 


The questionnaire has a structure which is functional to the research aim. It is divided 
into three parts that possess the same structure. The three parts of the questionnaire are 
described below in detail: 
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(1) “Personal Data and details” , consists of the personal details of respondents, includ- 
ing gender, age, and education level. Also, information concerning the work activ- 
ity, the position, the department, and the interaction of the worker with other 
departments have been investigated. This part is composed of 2 questions. 

(2) “Mapping Competencies and Skills” , concerns the skills and competencies acquired 
in the specific work context, their nature, and their development. Generally, skills 
require specific training to be acquired. However, sometimes they can be acquired 
by self-learning. This part also investigates how the operator’s work is carried out, 
whether the machinery is used, and what factors have the greatest influence on the 
quality of the finished product. This part consists of 35 questions. 

(3) “Job Characteristics and Work Context” refer to the characteristics of the work 
context and to the generalized work activities, common to several jobs that must be 
adapted to the particular context. The influence of the socio-cultural context is the 
focus of this part. This part is composed of 6 questions. 


Each question of the questionnaire is organised in sections and levels and has a set 
of possible choices based on a Likert scale, in order to let the respondents have more 
chances to choose. The main advantage of using this measurement system is that it is a 
numerical scale and it’s therefore easily convertible in quantitative terms: replacing each 
judgment with a numerical score, allows us understanding the position of the person on 
the concept investigated. It collects the opinions of the workers about their job and it 
gives appropriate weights to them. 

Weights are associated with each question. Higher weights have a greater influence 
on the calculation of the index, therefore they refer to aspects considered more significant 
for the purpose of calculating the CI. A crucial point is the assessment of the weights that 
must correspond to the relevance of the considered skills in a certain industrial context. 
A number of scenarios were examined for their determination, and a proposal has been 
made based on previous industrial experiences with the necessary participation of the 
enterprise management in the process. 


2.3 Implementation of the Questionnaire to the Japanese Context 


The questionnaire was translated into Japanese to be administered to the operators of 
the Japanese industrial sector of hydraulic pumps. It has been modified according to 
the Japanese industrial culture and context. The original weights, which were applied in 
previous case studies, have been redesigned together with the enterprise management. 
Three departments of the same enterprise were considered. 

In total 60 questionnaires, each composed of 43 questions were prepared. 

All the 60 respondents returned the questionnaire, with a return rate of 100%. This 
number can be considered valid to carry out a statistical analysis. All the data were 
collected and analysed and are presented in a grouped form in Sect. 3. 


3 Results and Discussion 


The data gathered from the survey have been elaborated to calculate the CI. Several 
graphical elaborations have been done, to analyse and explain the main result of the 
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present investigation. The application of the proposed method to a specific industry, 
geographical and cultural context has allowed us to identify some peculiar differences 
between the Japanese and the Italian cultural contexts that can significantly influence 
the definition of the CI. As an example, in the Japanese industrial environment, natural 
skills are not admitted. Instead, experience and devotion are considered necessary and 
sufficient to achieve and reach the best performance to fulfil the assigned task. 

In Fig. 1 the percentage of experienced workers per each considered department and 
the percentage of production processes able to carry out by workers per each considered 
department are shown. It is worth underlining that a larger percentage of experienced 
workers are employed in each department and that their distribution is almost the same in 
all the examined manufacturing departments. The situation is different if examining the 
ability of operators in each department. In particular, it is possible to remark that Dept. #2 
presents a fragmentation of the activities with workers that are directly able to carry on no 
more than one-fifth of the operations. On the opposite, in Dept. #3 some operators control 
the entire manufacturing cycle of products. Dept. # 1 has an intermediate configuration 
with some operators that can lead more than the 50% of the manufacturing activities. 


Manufacturing processes vs workers’ 


Distribution of experience per department experience 


a Dept. #1 
70% ® Dept. #2 
60% " Dept. #3 


€ Dept. #1 
@ Dept. #2 
Dept. #3 


EXPERIENCED WORKERS (%) 


WORKERS’ EXPERTISE (%) 


x Ş x 
> $ g 


MANUFACTURING OPERATIONS MATCHING 


EXPERIENCE PER DEPARTMENT (YEARS) NUMBER OF WORKERS (%) 


Fig. 1. (left) Percentage of experienced workers per department. (right) Percentage of manufac- 
turing processes matching workers’ expertise by department. 


Figure 2 shows the calculated normalised CI (left side). Higher values of this index 
mean that more advanced skills and competencies are needed. The higher value was 
calculated for the Dept. # 2 and the lower value for the Dept. # 1. Dept. # 2 utilizes 
CNC tools to machine the process components. Despite being the department with more 
automation and less manual work, there are many skills and abilities required, such as 
understanding a technical drawing, developing an NC program and knowing how to use 
the machinery. A higher value was expected for the other departments, where hand work 
is more used in terms of time-consuming activities. A possible explanation is the high 
specialisation and fragmentation of the competencies within the Dept. #2 (see Fig. 2, 
right side) that helps to make each task simpler and achieve higher productivity. Special 
attention is needed to assure that all the operators can develop the required skills. 

A comparison between workers perceptions about the relevance of the tasks they 
are responsible for and management expectations has also been considered. The data 


842 G. Campana et al. 


Normalised Craftmanship Index 


Craftmanship Index 1.000 
0.900 
0,800 
0.700 


0.600 


Tasks per Department 


0.500 


0.54 
0.56 
0.58 
0.60 
0,62 
0.64 
0.66 
0.68 


Fig. 2. (left) Calculated normalised CI. (right) Normalised CI per dept. Per task: expected 
(management) and perceived (workers). 


provided by managers concerning all the weights associated with each task describing 
its relevance within each department are used to calculate an index expectation. A com- 
parison between the expected importance of each task from the management perspective 
and the declared relevance from the worker perspective is shown in Fig. 2, right side. 
A discrepancy is clearly visible between the operators’ perception of their duties and 
the manager’s expectations. This result highlights the tendency of underestimating what 
is considered relevant for the workers. It can be helpful to promote a better alignment 
between operator perception and manager expectation to understand the importance of 
each task and take the necessary measures to develop the appropriate skills. 


4 Conclusion 


The aim of this paper is to investigate the artisan contribution to the manufacturing 
process of a product in the industrial environment. The CI, which has been proposed 
previously, has been applied and extended within a case study carried on in the Japanese 
industrial sector of hydraulic pumps to analyse how artisan skills and competencies are 
learned, developed and applied. A questionnaire has been designed and administered to 
operators working in the manufacturing departments. It investigates the artisan skills at 
a strategic level, from their acquisition up to their development over time. 

The assignment of weights to the different components of the index is a crucial point 
of the analysis. There are no objective assignment criteria, the weights must be defined 
considering appropriate scenarios and agreed with the management and experts. 

The CI comparison between workers and managers concerning their understanding 
of the value of each operative task has been made leading to the awareness that the 
perceptions of the operators and those ones of the managers are different. In particular, 
managers often underestimate the value of tasks in comparison with the perception of 
workers. 

The proposed methodology can be applied to different industrial and manufacturing 
contexts. It can be used to distinguish and classify companies based on the quality and 
contribution given by the craftsmanship and skills exploited in their production systems. 
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The CI can allow the estimation of how craft skills are learned and developed. This 


index can be part of effective management and decision-making tools. The extension 
to the Japanese industrial environment has allowed identifying some similarities and 
differences between the Japanese and the Italian industrial contexts and confirmed the 
general validity of the proposed approach. 


All the data, in a grouped form, are available on request. 
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Abstract. Manufacturers today are increasingly connected as part of a smart and 
connected community. This transformation offers great potential to deepen their 
collaborations through resource and knowledge sharing. While the benefits of 
artificial intelligence (AI) have been increasingly demonstrated for data-driven 
modeling, data privacy has remained a major concern. Consequently, information 
embedded in data collected by individual manufacturers is typically siloed within 
the bounds of the data owners and thus under-utilized. This paper describes an 
approach to tackling this challenge by federated learning, where each data owner 
contributes to the creation of a global data model by computing a local update 
of relevant model parameters based on its own data. The local updates are then 
aggregated by acentral server to train a global model. Since only the model param- 
eters instead of the data are shared across the various data owners, data-privacy 
is preserved. Evaluation using sensor data for machine condition monitoring has 
shown that the global model produced by federated learning is more accurate and 
robust than the local models established by each of the single data owners. The 
result demonstrates the benefit of secure information sharing for individual manu- 
facturers, especially Small and Mid-Sized Manufacturers (SMMs), for improved 
sustainable operation. 


Keywords: Smart manufacturing - Federated learning - Data privacy 


1 Introduction 


Smart and connected technologies, such as multimodal sensing, Internet of Things (IoT), 
and artificial intelligence (AI), have demonstrated potential in transforming the land- 
scape of manufacturing toward improved productivity and the overall well-being of the 
community in which manufacturers reside [1]. However, for many Small and Mid-Sized 
Manufacturers (SMMs), digital transformation presents a significant challenge due to 
the general lack of resources to support technology adoption. These factors negatively 
impact SMMs in their competitiveness for digitalization as the future of manufacturing 
calls for, reducing their resilience to machine performance fluctuation and supply chain 
disruptions, and affecting the pipeline for workforce training, talent development and 
retention, which are critical to the sustainability of the community [2, 3]. The Covid-19 
pandemic has further underscored the vulnerability of a technologically ill-equipped 
community in today’s rapidly changing economy [4]. 
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As data is increasingly considered one of the most important resources that a manu- 
facturer can possess [5], one major concern in digital transformation for many SMMs is 
the lack of sufficient, quality data to build AI models for rational, data-driven decision- 
making. With the advancement of communication technologies such as IoT, researchers 
have begun to explore the feasibility of aggregating data from multiple data owners to 
jointly build AI models that overcomes the data limitation problem that each individual 
SMM is facing [6]. Compared to the traditional approach that relies on data from a single 
SMM, such a collaborative, data-sourcing approach is expected to overcome data qual- 
ity issues that typically arise in siloed data scenarios, such as data imbalance and low 
data quantity, by utilizing the complementary information from multiple SMMs [7, 8]. 
The results are reduced production interruption for data collection, improved resource 
utilization, and more accurate and robust AI models to support the sustained growth of 
the SMMs in the community. 

A major hurdle towards data-oriented collaboration is the concerns about data- 
privacy, as traditionally, proprietary data collected from individual data owners will 
need to be shared in a central server for data aggregation-enhanced model building. To 
overcome such concerns, techniques for transfer learning [9] and data synthesis [10] 
have been developed. Transfer learning first builds a model in a source domain (e.g., 
a SMM with high-quality data), before fine-tuning it using data from a target domain 
(e.g., another SMM) for adaptation and refinement [11]. It has been successfully imple- 
mented in applications such as human action recognition in human-robot collaboration 
(HRC) [12, 13] and machine condition monitoring [14, 15]. In comparison, data syn- 
thesis aims to learn data distribution and synthesize new data samples to increase data 
quantity and reduce imbalance. Recent development of generative adversarial network 
(GAN) has improved data synthesis capability by using a pair competing networks, one 
for improving synthesis quality and the other for distinguishing real data from synthetic 
data [10]. The two ultimately reach an equilibrium point for high-fidelity data synthesis. 
The effectiveness of GAN has been demonstrated for machine condition monitoring 
[16-18]. 

Despite the progress, both methods have their limitations. For example, a data model 
can be SMM-specific and not suited for deployment to different SMMs without substan- 
tial modification that still does not guarantee successful model transfer [9]. As a result, 
when the number of SMMs becomes large, this method becomes computationally inef- 
ficient. In addition, training of GAN requires that the available data samples have the 
same distribution as the underlying data distribution, which is difficult to guarantee if 
the data quantity is small [18]. 

To address this problem, federated learning [19] is investigated in this paper. In fed- 
erated learning, each SMM contributes to the construction of a global data model by 
computing a local update of relevant model parameters using its own data. The local 
updates from multiple SMMs are then aggregated by a central server for the training of 
the global model. Since only the updated parameters of the global model instead of the 
data themselves are shared during the model update process, data privacy is preserved. 
In addition, as information from all the participating SMMs is utilized during the model 
training process, the global model is SMM-independent. Furthermore, federated learning 
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does not impose restrictions on quantity, level of imbalance, or the distribution charac- 
teristic of the data being utilized, it is well-suited for real-world scenarios where none of 
these restrictions can be assumed. Recently, research on federated learning for machine 
condition monitoring has been reported [20-22]. However, these studies focused on a 
relatively small number of participating data owners (< 10). In addition, since each 
of the data owners has full control of its data, it is possible that the data from a data 
owner may not participate during the iteration process of federated learning in realistic 
settings (e.g., due to scheduling conflict), leading to partial participation. Such partial 
participation has not been investigated in these prior efforts [20-22]. 

This paper aims to fill this research gap, and is organized as follows: Sect. 2 presents 
the theoretical background of federated learning. In Sect. 3, evaluation of the developed 
algorithm using publicly available experimental datasets is described. The results are 
discussed in Sect. 4, and conclusions are drawn in Sect. 5. 


2 Theoretical Background 


The key idea of federated learning is to solve an optimization problem [19]: 


miny { F() = Dk pF Ww) a) 


In Eq. (1), F (w) is the loss function of the global model with model parameters w 
(e.g., network weights), N is the total number of participating data owners, pg is the 
weights assigned to the k™ data owner such that py > 0 and a 1 Pk = 1. Without 
prior knowledge regarding the data from each data owner (as is usually the case with 
federated learning), pg is empirically set to 1/N. F% (-) is the local loss function. 

Assume the number of training data from the k® SMM is ng: Xk As Xk,25 +++9 Xk ny» the 
local loss function F;,(-) is defined as: 


Nk 


1 
Few) = — ) 71 (ws xx i) (2) 


k iz 


In Eq. (2), I(w; xx,;) is the loss induced by the global model parameters w and local 
data sample x i. The specific formulation of /(-) is application-dependent (e.g., mean 
squared error for prediction or cross-entropy for classification). In order to minimize 
Eq. (1), the gradient of each F;(w) with respect to w is first computed, which indicates 
the direction of minimizing F;,(w). Then, w is adjusted in this direction to obtain the 
new F;(w). These two steps constitute an iteration in federated learning. 

Figure 1 details one such iteration: the j iteration. The central server first pub- 
lishes the latest model parameters w; to all the data owners, which compute their own 
contributions to the global model update as: 


k 
Wir = Wj — NV, (Wj, Xk,1,Xk,25 +++ Xk ng) (3) 


where 77 is the learning rate and VF; is the gradient of F;(w). Then, the central server 
aggregates the contributions from each data owner, wi +? w, pes wY, , to obtain the 
new global model parameters wj+1. l l 


848 J. Zhang et al. 


Central Server 


Objective 
minw frw -) nrw) 


kel 


N 


why Wisi 
Model evaluation Model evaluation Model evaluation 
ni n ny 
1 : 1 1 
Fi(w) = A U(wyi xia) F(w;) = wd (wixa) Fy(w;) = aed, Mma) 
{=i (=1 i=1 
Updated parameters Updated parameters Updated parameters 
Wher = Wy — VF, (W), Xin) Wha = Wy) —NVE,(WyX2an,)) oe wh, = wj —nVFy (Wj, Xning) 
Data Data 
SMM #1 SMM #2 SMM #N 


Fig. 1. Training iteration in federated learning 


In federated learning, each data owner has full control of its own data. Realistically, 
only a subset S out of the total N owners may be available to participate at each iteration 
and S can vary from iteration to iteration. Therefore, the aggregation is expressed as: 


Isl 


N k 
WHI = yo] X pwa (4) 
| j| k=1 


where S| is the size of S;. The expectation of the federated learning loss function in 
Eq. (1), F(-), has shown to be bounded [19], which provides the theoretical support for 
federated learning as a learning method that is convergent by nature. 


3 Algorithm Evaluation 


The effectiveness of the developed federated learning algorithm for machine condi- 
tion monitoring is evaluated using bearing dataset at Case Western Reserve University 
(CWRU) [23]. In this dataset, single point faults were seeded to the drive-end bearing 
(Fig. 2) at the inner or outer race of the bearing, as in the rolling ball. Vibration signals 
were sampled at 12 kHz, with the bearing rotating speed being 1750 rpm. Signals cor- 
responding to the three fault types were evaluated and compared with signals collected 
from a healthy, normal bearing, which serves as a reference base. 

To evaluate the federated learning algorithm, the dataset is first split into non- 
overlapping sequences with each containing 800 vibration data points. In total, there 
are 7,500 sequences in the dataset. The sequences are then allocated into 50 sets to 
simulate 50 participating data owners (e.g., SMMs), with each set containing a different 
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number of data sequences to simulate varying data quantity from the different SMMs. 
The data in each set is not restricted to any specific distribution characteristic during the 
allocation, allowing its level of imbalance to vary from one data owner to another. Each 
set is then further split into a training set and a testing set with a split ratio of 70% to 
30%. 
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Fig. 2. (a) CWRU bearing test platform [23-25]; (b) sample waveforms of 4 bearing conditions 


During each iteration of the federated learning process, the number of participating 
data owners can vary depending on whether each of them grants the access to its data. 
To simulate such a scenario, a random number n between 41 and 50 is first generated 
in each iteration, then n data owners are randomly selected from total of 50 based on a 
uniform distribution, corresponding to a >80% participation rate at each iteration. 

The global model of federated learning investigated in this study is based on a 
1D convolutional neural network (1D-CNN). This network structure is selected due to 
its demonstrated capability [26] of extracting multi-level features from sequential data 
(such as bearing vibration signal) and associating the features to variables of interest (i.e., 
bearing fault types). The 1D-CNN network structure is determined using a parameter 
search and is shown in Fig. 3. The learning rate is set to 0.01, the optimizer is stochastic 
gradient descent (SGD), and batch size is set to 16. Federated learning is carried out 
using an Nvidia P100 GPU with 16 GB RAM on Google Colaboratory. 
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Fig. 3. 1D-CNN structure for federated learning 


4 Results and Discussion 


For evaluation of the global model obtained through federated learning, its performance 
is compared with that of another two scenarios: 

Centralized: data from all the owners are merged into a single dataset to carry 
out 1D-CNN training and evaluation. It should be noted this scenario is not feasible in 
realistic settings and only serves the purpose of evaluating the diagnosis accuracy (in %) 
and convergence behavior (in number of iterations) of federated learning as compared 
to an ideal scenario. 

Siloed: individual data model is established for each data owner using its own training 
and testing data. The purpose is to evaluate improvement in diagnosis accuracy (in %) 
and robustness (in accuracy standard deviation among SMMs) enabled by the global 
model of federated learning as compared to the model built using siloed data. 

First, the training and testing curves associated with federated learning and cen- 
tralized scenario are plotted in Fig. 4. Federated learning has shown to arrive at about 
the same level of accuracy as the centralized scenario (99% training accuracy and 96% 
testing accuracy), indicating that the global model obtained is as effective as the model 
created using centralized strategy. It is also noted that centralized strategy converges 
faster (~50 iterations vs. ~ 400 iterations for federated learning), indicating that weights 
update in federated learning is suboptimal. This can be attributed to the fact that both 
the local gradient computation and the non-participating data owners at each iteration 
can induce bias into weights update, which is then propagated over the entire iteration 
process and causes slow convergence. Since individual iteration in federated learning 
can take longer to complete as compared to the centralized scenario due to the additional 
communication delay with different data owners, the negative impact of slow conver- 
gence can be exacerbated. Future research will investigate methods to accelerate model 
convergence, which is currently an open research topic per the literature [19]. 

The performance of federated learning is then compared to the siloed learning sce- 
nario. Model accuracy evaluated on testing dataset from each SMM is plotted as his- 
togram in Fig. 5(a) and associated confusion matrices are shown in Fig. 5(b). It is seen 
that model accuracy in diagnosis of bearing fault types under the siloed scenario ranges 
from 35% to 84% with a mean accuracy of only 60%. By contrast, using federated 
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Fig. 4. Training and testing curves: centralized vs. federated scenarios 


learning, not only the mean accuracy has increased from 60% to 95%, which represents 
a 58% improvement, the performance variation is also reduced, as reflected by the stan- 
dard deviation of the diagnosis accuracy (from 12% in siloed scenario to 3% in federated 
learning, a reduction of 75%). These results demonstrated the global model is both more 
accurate and more robust as compared to learning from siloed data. 
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Fig. 5. Siloed vs. federated: (a) histogram of fault diagnosis accuracy for SMMs; (b) confusion 
matrix of fault diagnosis. N: normal; I: inner race fault; B: ball fault; O: outer race fault 


5 Conclusions 


To enhance sustainability and resilience of manufacturers toward building smart and 
connected communities through cross-manufacturer collaboration, a federated learning 
approach has been investigated for improved resource and knowledge sharing while 
preserving data-privacy. The method is characterized by local model update and global 
parameter aggregation to arrive at a global model for all participating manufacturers. 
Using bearing condition monitoring as a representative application, the global model 
obtained through federated learning has shown a 58% improvement in fault diagnosis 
accuracy while reducing performance variation by 75% as compared to learning from 
siloed data, thereby demonstrating an effective solution to a common problem where 
insufficient or small data constrains the development of high-quality model at individual 
manufacturer’s site. By arriving at a global diagnosis accuracy comparable to the one that 
would have been achieved using centralized strategy (96%), federated learning has shown 
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to satisfactorily meet the performance expectation for cross-manufacturer collaboration. 
One limitation of the presented method is that it requires homogeneous sensor data type 
from each participating manufacturer as input to the model. Future research will relax 
this requirement to accommodate different types of sensor data to facilitate broader 
acceptance of the federated learning method in real-world settings. In addition, future 
research will also investigate model convergence for increased computational efficiency 
in data intensive applications. 
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Abstract. Undergraduate students pursuing their studies in the engineering dis- 
cipline in higher education institutions (HEI) are expected to complete their work 
integrated learning (WIL) component as part of their curriculum. This is a compul- 
sory module traditionally performed in the workplace environment over a spec- 
ified time. However, with the scarcity of placement-based WIL, as well as the 
Covid-19 pandemic, there has been a reduction in the intake of students to accom- 
plish their studies. This paper presents, a human centered design (HCD) model 
for developing an immersive virtual reality (IVR) rendered with an HTC Vive Pro 
head mounted display (HMDs) platform capable of training industrial engineering 
undergraduate students on the manufacturing procedure of rail components using 
a reconfigurable guillotine shear and bending press machine (RGS&BPM) as part 
of the set of immersive virtual work integrated learning (IVWIL) activities. The 
study explores current literature and the HCD approach to designing and develop- 
ing the immersive interactive training platform. It highlights the important aspects 
of the development of the immersive virtual environment and recommends future 
work. 


Keywords: Virtual reality - Work integrated learning - Human centered design - 
Immersive virtual work integrated learning - Higher education institutions 


1 Introduction 


The digital era has a robust desire for the modern industry to rationalize education and 
training programs to produce knowledgeable engineering graduates. Crucial to attaining 
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this, is the ability to integrate academic learning with practice in real work environment. 
WIL is the term used by the world associations for cooperative education to lessen the 
several confusions of terms used in the higher institutions, describing the educational 
approach for undergraduates’ students to apply their theoretical knowledge into real work 
professional practice relevant to their field of study or future career [1—4]. VR technology 
launches a critical function in computer-generated 3D models simulating real physical 
environments and physical situations by offering the immersed user to interact, hear and 
touch the 3D virtual environment (VE) [5]. VR technology has potential to positively 
impact students work readiness through offering immersive training experiences, transfer 
of skills, educational learning outcomes, and achievements in the different scenarios of 
their future profession. Till to date, undergraduates are not progressing academically 
due to the scarcity of placement-based WIL opportunities in South African industries. 
This is a dilemma because placements opportunities are not always readily available in 
South Africa and there is pressure within institutions and from certain faculty members 
to eliminate the WIL component from curricula [6]. 


2 State of the Art Review 


Research focusing on instructional design methods, education learning outcomes, inter- 
vention characteristics, and evaluation measures associated with immersive VR usage 
has been sparse [7]. Hence, the urge to follow a human centered design approach which is 
iterative, measurable and results driven in designing the virtual environment that will be 
able to train, expose and prepare undergraduate student to be work ready and employable 
humans who can effectively perform work tasks and interact in any industry setting. 


2.1 Work Integrated Learning 


The opportunity to be placed in a real company or industry setting, creates a refreshing 
and life changing experience to undergraduates. Several studies have demonstrated that 
WIL programs offer vital benefits for undergraduates, skilled employers, and the higher 
learning institutions [8]. Coll et al. [1] stated that the crucial purpose of work-integrated 
learning is to provide undergraduate students with a comprehensive ability and skills set 
desired by potential employers. Furthermore, Govender and Wait [9], mention that WIL 
must assist undergraduate students understand the information learned in the university 
lecture hall, advance their knowledge, and assist them to complete a real-world task 
successfully and be competent. 


2.2 Virtual Reality 


Currently, VR systems can be categorized into three classifications based on immersion 
level, and the type of interfaces used in the system. These are the fully immersive, semi- 
immersive and non -immersive VR systems [10]. Fully immersive VR technology user 
wears HMDs, this device consists of small screens in front of both eyes, display the 
3D images and magnifies them to fill a wide field of view [11]. It, furthermore, enable 
user to be totally immersed, isolated from the real world, and generates the feeling of 
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truly being inside an environment and interacting with it, rather than observing a screen. 
Hardware used in Semi-immersive VR technology are high resolutions screens or walls 
through stereo projection systems, special stereo eyewear and 3D controllers or joysticks 
to handle input data and it is also called cave automatic VE [12,13]. In semi-immersive 
VR user is partially immersed in VE and this could increase the feeling of immersion or 
presence. Non-immersive/ desktop VR, users observe the virtual world on desktop and 
the is no immersive feeling only high-resolution monitor and mouse are hardware used, 
but with the lower cost incurred with the hardware, it makes it easy to use and easily 
accessible. 


2.3 Virtual Work Integrated Learning (VWIL) 


Wood et al. [14] mention that virtual WIL can be defined as an immersive WIL expe- 
rience in a context created to imitate the functions and operations of a workplace with 
input by the industry, educational institution, and the student. The introduction of VR 
courses and development of authentic and relevant VE by HEI are increasing, hence 
instructional designers and developers who want to incorporate VR in WIL curricular 
need to develop customized teaching and learning platforms for undergraduates’ stu- 
dents that are authentic, interactive, and possess impactful learning. Radianti et al. [15] 
examined IVR in higher education exclusively and found that 70% of the 38 studies in 
the review did not include learning theory for forming the foundation of the VR activ- 
ity. Male [16] developed and steered eight modules to support non-placement WIL, the 
author identified the requirements and learning outcomes to design a suite of VWIL 
for engineering students to engage with professional engineering practice. Immersive 
virtual work integrated learning can enhance students’ curiosities, excitements, and the 
value of experience in learning technical skills. Furthermore, undergraduate student 
who had an IVWIL experience mentioned that positive learning, transferability of skills 
learned, assisted them in acquiring graduate employment and were better prepared for 
engineering practice [17]. 


3 Methodology 


The rail transportation industry in South Africa, commutes more than 2.3 million people 
per day making it an important mode of transportation [18]. Thus, the reason for recent 
investment in rail manufacturing and the need to train undergraduate students on the set 
of work integrated learning activities, machinery and equipment used at the rail industry. 
This section introduces the case study of the reconfigurable guillotine shear and bending 
press machine to be used to train the undergraduate students on how to form the rail 
components using the machine and the iterative processes of the HCD. 


3.1 Reconfigurable Guillotine Shear and Bending Press Machine (RGS&BPM) 


The transition from traditional machine systems to current reconfigurable machine (RM) 
requires consistency in achieving the requirements brought by the changes on the cus- 
tomer demand, product life cycle and growing variation of tailored quality products. 
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As mentioned by Koren et al. [19] a RM is a machine whose structures can be altered 
to provide alternative functionality to meet production turnaround time. According to 
Sibanda et al. [20] RGS&BPM was designed at the onset to cut variable lengths of sheet 
metal pieces into the required sizes and then switch functionality to perform bending 
of varying length sizes of sheet metal pieces into multitudes of shapes required by the 
clients. 


3.2 Human-Centered Design Process 


The human centered design (HCD) process is followed to design and develop the virtual 
environment suitable to train, expose and discover the benefits of an IVWIL experience 
to final year industrial engineering undergraduates’ students on the manufacturing pro- 
cesses of rail components using the RGS&BPM and performing time and motion studies 
on the virtual manufacturing process. HCD as described by [21] is a system design and 
development that resolves to create interactive usable systems by focusing on the use of 
the system, applying human factors or ergonomics, usability knowledge and techniques. 
Five key HCD iterative processes as described by [21] are shown in Fig. 1 which must 
be understood and undertaken to successfully incorporate the design and development 
of the IVWIL training platform. Martin & Hughes [22] states that WIL is a three-way 
relationship between the student, the academic institution, and the workplace, it requires 
all involved to perform specific tasks and accept certain responsibilities. 


Identify the need of | Understand and 
human centred design t speafy the context 
process | of use | 
——_—, j 
í 
| Evaluate the designs | j Merate. where r- — 
against requirements — | / appropriate | Specify the user 
Desi gned solution meets Mdargceesontane-terrrrees nen „p| requirements 
user requirenients. = j | | 
M 


Produce design solutions 
| to meet user requirements 


—— 


Fig. 1. ISO 9241- 210 (2010) 


3.3 Understand and Specify the Context of Use 


A pilot study to be conducted with industrial engineering undergraduates’ students iden- 
tify the following priority areas of training in a rail manufacturing plant without prior 
industry experience: 
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e Rail component manufacturing: Undergraduate student need to understand how an 
RGS&BPM can be used to manufacture a plain sheet metal to the required rail com- 
ponent. The components to be manufactured are the train door panel, co assy lower 
bracket, and assy support bracket component. 


The development of a sufficiently detailed IVWIL training model must be manage- 
able, easily understood and clearly defines the learning outcome. SimLab soft a software 
compatible to create real-time VE and immersive experiences is used for the development 
of the VWIL training platform. The 3D models in the training platform were created 
using SolidWorks then migrated to the Simlab software for the development. 


3.4 Specify the User Requirement 


The IVWIL training platform is custom designed to be used by a group of final year 
industrial engineering undergraduate students. The researcher will train and monitor 
the users and the WIL department lecturer will supervise the project. A user story card 
based on agile systems development method was used as a requirement tool to model 
and document all the requirements needed by the user to perform the task. Bik et al. [23] 
defines user story as an essential element tool to explain the type of user, what function 
they must perform and what object they need, this tool is an easy explanation of a user 
requirement needed to perform the operation in the system. 


3.5 Produce Design Prototype and Design Solutions 


Figure 2 demonstrates the procedure of how the virtual environment is developed from 
creating the 3D models needed for the system and importing them to the SimLab software 
for the simulation process. 


vas No Resolve data in 
CAD package 


Fig. 2. Procedure for preparing the CAD models for the immersive 3D virtual environment 


Churchville [24] describes user interface (UI) as a channel between human and 
computer interaction as the point where a user will interact with a computer or machine 
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to complete tasks, the purpose of a UI is to allow a user to effectively control a computer 
or machine they are interacting with, and for feedback to be received to communicate 
effective completion of tasks. The design model user interfaces and instructions were 
created for the [VWIL training platform. These interfaces direct users on how to navigate 
and perform tasks in the system. 


4 Findings and Discussion 


This was an inhouse project-based learning that took a period of twelve months by a 
novice instructional designer who is the researcher of this study and a novice software 
developer who capacitated themselves using asynchronous e-learning through inten- 
sive review of literature, using search engines, and forums to design and develop the 
environment. An ongoing pilot study on the evaluations of the undergraduate students 
based on the requirements of the training system and learning outcomes are taking place. 
Overall, findings from the design and the development of the IVWIL training platform 
necessitates careful planning and involving all product’s stakeholders; undergraduate 
student, engineers, manufacturers, higher institution can help instructional design engi- 
neers design virtual environments that’s sustainable and socially beneficial to be used 
for training by local communities, industries, and schools. VR enable sustainability in 
education by providing various training experiences that are impossible, scarce to access 
and difficult to experience in real life industry setting where safety measures are con- 
cerned in some school modules. Furthermore, VR as an educational tool can further 
contribute to the sustenance of the environment, economic and social dimension in all 
aspects of its use such as in the process of design, commissioning, and training. Though 
it was a successful project integrating outsourced experts in the design and development 
would have greatly enhanced the speed of completing the project and having support 
structure to guide the novice developers when enquires arise. Other researchers have 
conducted experiential learner centred design and virtual fieldtrips to train their under- 
graduate students. Virtual reality an inventive educational tool for engineering studies, 
makes it possible for undergraduates’ students to apply the relevant knowledge and 
understanding gained from their course of study. This immersive virtual environment 
experiences can equip and prepare undergraduate students for a realistic and practical 
solution of a real-life industry tasks. 


5 Conclusion 


This paper described the design and development of IVWIL training platform using 
the HCD approach. The key parameters of HCD approach on the development of the 
IVWIL training platform were discussed and the design of the system was presented. 
A user story card was used as a user requirement tool explaining the tasks to be done 
by the undergraduate student to manufacture the rail components using the RGS& BPM. 
As an immerging and interactive technological approach, [VWIL can be considered to 
promote active learning, cost-effective, and accessible training opportunities for under- 
graduates. Government, industries, institutions, and the community all play a role in 
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raising awareness and promoting the benefits of this approach in addressing the ever- 
increasing scarcity of placement-based WIL. This work advances the field of IVWIL 
access by providing a novel approach that helps in identifying, designing, and develop- 
ing a training platform that can benefit institutions, undergraduates, and industries. It 
is recommended to do further experiments to design full course modules for students 
to interact with and VR assessment techniques to evaluate user. The last phase of the 
HCD is to evaluate the user experience in the system to determine its significance and 
effectiveness. Henceforth, future work entails a pilot study to evaluate the designs over 
the requirements to prove the capability and effectiveness of the training system to the 
undergraduate students in engineering education using the [VWIL programs. 
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Abstract. This article tackles the problem of greening university campuses of 
higher education institutions in Palestine. The paper concentrates on finding the 
adequate greening categories and key performance indicators to be used to assess 
the sustainability and green of higher education Institutions HEI. Each indicator 
has been weighted based on the opinion survey filled by academic experts from 
the different Palestinian universities. The weights of these indicators have been 
normalized to come up with a category score and a then a total score of the 
greening of the HEI. Eventually, a Go-Green integrated model is developed to 
form an initiative for any higher education institution wishes to enter into this 
sustainability race. Many steps and activities are suggested to turn any university 
to a green one. Through implying the Elasticity and Plasticity approach, it is 
possible to relate the level of green actions to social behavior. The impact of 
these sustainability aspects is reflected on higher education by implementation on 
university campus greening. 


Keywords: Sustainability - Green campus - Elasticity-Plasticity - Go-Green 
model - Social behavior - Key performance indicators 


1 Introduction 


Higher education institutions objectives include education, research, and community ser- 
vice. HEI contribute to the development of the society leaders and show a good example 
of positive and responsible practices in the community. HEIs have important influence 
through education to shape the mindsets and values of people in relation to sustainability 
(Horan and O’ Regan 2021). According to Zaléniené and Pereira (2021), HEI are driving 
force for implementing sustainability, as well as are considered as a change agent and 
a catalyst to achieve sustainability. HEI provides required knowledge, skills and val- 
ues to empower students to contribute to sustainable development (https://www.eauc. 
org.uk/theplatform/aishe Dec 2021). The university has a role to create the knowledge, 
integrating sustainable education and research programs, and promoting environmental 
issues to the public (Lourrinx and Budihardjo 2019). A sustainable university would 
show the following principles (Wright 2002; Lourrinx and Budihardjo 2019): Integrate 
social, ethical and environmental aspects, commitment to graduate attribute of critical 
systems thinking, encourage research, outreach and campus planning and create policies 
and practices to achieve equality and diversity. 


© The Author(s) 2023 
H. Kohl et al. (Eds.): GCSM 2022, LNME, pp. 862-871, 2023. 
https://doi.org/10.1007/978-3-03 1-28839-5_96 


A Proposed System for Greening Higher Education Institutions in Palestine 863 


The Higher Education Sustainability Initiative (HESI) for Rio + 20 was established 
in 2012 by a group of UN partners as a platform to collaboratively champion educa- 
tion, research and actions for sustainable development in the Higher Education Insti- 
tutions. Summary of Progress was reported by HESI in UNESCO World Conference 
on Education for Sustainable Development, Aichi-Nagoya 2014. Concerning education, 
it reported that most universities trying to integrate sustainability in their curricula, at 
least by introducing one standalone course. In research some universities highlighted 
sustainability research and publications by their students and faculty. In operation most 
of universities-initiated activities to green the campus including recycling initiatives, 
planting trees, encouraging bike services. In outreach a large number stated awareness 
programs to the public and hosted conferences and workshops on sustainability (Rio + 
20 Higher Education Sustainability Initiative 2014). 

UI GreenMetric is a university ranking system that was developed by University 
of Indonesia in 2010 for assessment and comparison of campus sustainability efforts. 
GM tool included six categories and forty indicators, Greening Universities Toolkit 
(Toolkit) is a United Nations Environment Program UNEP focusing on “transforming 
universities into green and sustainable campuses”. The toolkit includes four elements 
and 12 indicators (UNEP Toolkit 2013). Fisher et al. (2015) remarked that new tools 
are evolved in different regions of the world, and then they reviewed and compared dif- 
ferent assessment sustainability tools and pointed out to the need for systematization of 
tools to allow for comparison. Objective of the assessment tool according to STAR tool 
(AASHE 2019) is to establish a framework for sustainability in all HEI. Enable compar- 
isons over time and between universities. Give incentives for continuous improvement 
of sustainability. Simplify information sharing between HEI sustainability implementa- 
tion. Develop a powerful, and wide university sustainability community. Lourrinx and 
Budihardjo (2019) in his paper determined how the UI GreenMetric is implemented at 
Diponegoro University in addition they gave recommendations for indicator that has 
not been fulfilled. Dziminska et al. (2020) propose a conceptual model that shows how 
universities could work as culture change agents for sustainable development. The paper 
gives the interrelations between university main operations of education, research and 
societal engagement in the context of sustainability. Horan and O’ Regan (2021) assessed 
the utilization of sustainability indicator for HEI, and then they critical assessed 12 sus- 
tainability assessment tools SATs to develop a set of indicators, weighing method, and 
scoring to get the score for each criteria. Then they implemented this SAT in the Ire- 
land’s higher education sector. Omazic et al. (2021) in their review on sustainability 
of HEI found out that the path of the HEI toward sustainability is not clear and they 
identified key concepts and research themes for sustainability and SD in HEI along with 
the research gaps. More research as case studies, projects, and methods sustainability 
and SD in HEIs is still needed. A holistic approach is needed that involving all areas of 
action and all stakeholders. According to many researchers (Findler et al 2019; Horan 
and O’ Regan 2021; Lourrinx and Budihardjo 2019; Yawei et al. 2021) greening of edu- 
cation would include education curriculum, governance structures, campus operations, 
research focus, and outreach activities. Hence greening will cover all aspects of the 
HEI activities and areas. Indicators and tools to assess each of above areas have been 
developed. Various evaluation and ranking systems for the HEI sustainability have been 
developed and reviewed by researchers. 
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2 Proposed Greening System for Higher Education in Palestine 


Based on review of the tools used worldwide and taken into consideration knowledge 
of local geographical, political, land, local resources, as well as social, economic, and 
educational system Table 1 shows the suggested categories and proposed indicators for 
greening of higher education institutions in Palestine. Meanwhile, the table gives the 
weights of categories and indicators as evaluated by local experts’ team. The percentage 
of each category from the total score of the weights is shown in Fig. | while the percentage 
of each indicator from the total scores is shown in Fig. 2. 


Table 1. Weights of categories and indicators in the proposed Greening of HEI 


Categories Cat. weight | Indicators (KPIs) KPI weight | Measurement 
Setting and Infrastructure 69.6 The ratio of open space 6.6 Area in m2 
(SD towards total area & 

Area on campus covered in 7.9 Annual SAESTSCS of 

planted vegetation and trees sustainability 

Area on campus for water 6.2 

absorbance 

The ratio of open space area | 6.5 

divided by campus population 

Budget for sustainability 7.6 

effort 
Energy and climate change | 76 Energy efficient appliances 8.5 Annual Electricity bill 
(EC) usage 

Smart building program TT 

implemented 

The total electricity usage 7.3 

divided by total campus 

population 

The ratio of renewable energy | 8.5 

production towards total 

energy usage per year 

Element of green building 77 

implemented 

Greenhouse gas emission 5.9 

reduction 
Waste (WS) 76 Waste sorting & Recycling 8.1 Budget of paper and 

program consumables 

Program to reduce the use of | 9 

paper and plastic in campus 

Organic waste handling & 72 

treatment 

Inorganic waste handling & 7A 

treatment 

Toxic waste handling & 6.9 


treatment 
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Categories Cat. weight | Indicators (KPIs) KPI weight | Measurement 
Sewerage treatment & 7.3 
disposal 
Water (WR) 80 Water conservation program | 8.2 Annual Water bill 
Water recycling program 8.1 
The use of water efficient 8 
appliances 
water consumed per person Pak 
annually 
Transportation (TR) 65 The ratio of total vehicles 6 Number of electric vehicles 
(cars and motorcycles) in campus 
divided by total campus & 
population Annual fuel bills 
Shuttle services 6.2 
Electric vehicles or Zero 6.5 
Emission Vehicles (ZEV) 
policy on campus 
Bikes lanes and parking area | 6.3 
Ratio of parking to total 6.5 
campus area 
Transportation program 6.6 
designed to limit or decrease 
the parking area on campus 
for the last 3 years 
Number of transportation 6.7 
initiatives to decrease private 
vehicles on campus 
Pedestrian policy on campus | 7.1 
Education (ED) 75.5 The ratio of sustainability 8.2 Number of green courses 
courses towards total & 
courses/modules Number of green 
The ratio of sustainability 8.2 publications 
research funding towards 
total research funding 
Sustainability publications 77 
Sustainability events 77 
Sustainability student 7.4 
organizations 
Sustainability websites 6.9 
Sustainability reports 6.8 
Total 442 262.9 
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Academic experts valuated all six categories almost equally important with 15-18%. 
The study included ten experts; six of which are engineering university professors, two 
are business administration professors and two are technical engineers working in HE. 
They are asked to give each indicator a grade out of ten according to their experience. 


Category/Total 


= 


Fig. 1. The percentage for each category of the total scores and category priority from 100 


Figure 2 clearly demonstrates that water indicators have the highest weights among 
all indicators stressing importance of water resources and its sacristy in Palestine. Indi- 
cators relevant to emissions such as GHG emissions, and transportation indicators are 
viewed as lower priority. 

The total grades given by all experts for each indicator have been summed and the 
indicator’s weight has been estimated as a percentage of the whole sum. The percentage 
of each category is estimated from the sum of its corresponding indicators and the weight 
of the category is taken as a percentage of all categories. 
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Indicator/Total 


Sustainability reports 
Sustainability websites 
Sustainability. student organizations 
Sustainability events 
Sustainability publications 
... The ratio of sustainability research funding 
... The ratio of sustainability courses towards 
Pedestnan policy on campus 
... Number of transportation initiatives to 
... Transportation program designed to limit 
Ratio of parking area to total campus area 
Bikes lanes and parking area 
Electric vehicles or Zero Emission Vehicles 
Shuttle services 
.,.- The ratio of total vehicles )cars and motor 
water consumed per person annually 
The use of water efficient appliances 
Water recycling program 
Water conservation program 
Sewerage treatment & disposal 
Toxic waste handling & treatment 
Inorganic waste handling & treatment 
Organic waste handling & treatment 
Program to reduce the use of paper and 
...Waste sorting & Recycling program for 
. Greenhouse gas emission reduction 
Element of green building implementation 
.,. The ratio of renewable energy production 
.. The total electricity usage divided by total 
Smart building program implementation 
Energy efficient appliances usage 
University budget for sustainability effort 
... The ratio of open space area divided by 
Area on campus for water absorbance 
„Area on campus covered in planted 
... The ratio of open space area towards total 


0 0m 002 003 


o 
= 
a 
& 


Fig. 2. The fraction for each normalized indicator of the total score 


3 Elasticity and Plasticity of Sustainability Behaviour 


Sustainability behaviour (SB) 


Rateof change = slope = 


Institutional changes (IC) 
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Just like the behviour of metals in solid mechanics, humans’ behaviour towards sustain- 
ability can either be elastic or plastic. Elasticity and plasticity of sustainability behaviour 
in higher education institutions as a function of institutional ecological changes is shown 
in Fig. 3. University community response to sustainability ecological changes is gov- 
erned by the linear curve in the elasticity region, institutional changes lead to creating 
new sustainability behaviour. The slope (rate of change) of the line in the elastic region 
measures the rapidity of green response of the community to institutional changes, this 
slope reads: 
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The inclination of the curve indicates the speed of university community response 
to ecological changes; high slope means that the university will reach the required 
sustainable level sooner than low slope curve universities. In the elasticity region, there 
is always risk that the community returns back to zero point because the situation didn’t 
reach to settling level. When the university reaches to the required level of implementing 
green requirements this is called the settling level and this remains constant no matter 
what institutional changes occur; this situation is called plasticity region because the 
sustainable behaviour remains stable. Before reaching plastic region the society passes 
through transition region where the sustainability social behaviour fluctuates till settling 
and this is normal because of the dynamic influences of each university community. 


Settling level 


Plasticit 


w af behavior 
Elasticity 


of change 


Sustainability behaviour (SB) 
Transition region 


Institutional Changes (IC) 


Fig. 3. Elasticity of change and plasticity of behaviour in higher education institutions 


4 Sustainable Go-Green Model of Higher Education 


The resources of any higher education institutions are mainly classified to two main 
clusters; knowledge and materials. Knowledge includes educational resources of books 
and electronic scientific sources besides to instructors and students who hold this knowl- 
edge and transfer it. The second cluster includes all materials used to assist the teaching 
and learning process involving labs, equipment, devices, buildings and infrastructure. 
These two clusters are supported by water and energy which is considered the two main 
ecological sources needed for any society or institution. These clusters and supporters 
are the inputs to the sustainability model of higher education institution shown in Fig. 4. 
Institutional elements in higher education institutions are divided to three categories; 
indoor buildings, outdoor areas, and university society. These elements are the variables 
that can be changed in the abscissa of Fig. 3 against which sustainability behavior is mea- 
sured. An elasticity-plasticity curve can be drawn for each one of these variables. Inside 
buildings sustainability can be increased by turning the Heating, Ventilation and Air- 
conditioning systems (HVAC) and other electric appliances to green ones by increasing 
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their electric efficiency and using renewable energy sources to function them. Lighting 
inside and outside buildings can be turned to green by using energy conserving LED 
lights and by using solar Photovoltaic (PV) panels to supply them with electricity. The 
outdoor areas in the higher education institution can be guided to be green harvesting 
rain water in special wells, this collected water can be used for the irrigation of trees and 
plants that in turn should be increased and encouraged in the campus area. Waste water 
should be treated and also used for irrigation or for flush in bathrooms. Irrigation either 
from harvested rain water or from treated waste water can be powered by renewable 
solar PV panels. 


Energy | | | il | Water 


Health care 
Research 


Fig. 4. Sustainable model of higher education 


Waste water 
Parkings 


/ransportation 


Appliances 


5 Conclusions 


The foregoing research aims at discussing the principle and methodology to turn higher 
education institutions in Palestine to sustainable and green ones. The first step was 
done by selecting specific key performance indicators based on reviewed literature. The 
indicators were prioritized by higher education experts then based on these priorities 
the weights, and the percentage of these weights have been calculated relative to the 
categories and relative to the total sum. This kind of calculation helped in taking the 
decision about the most important indicator to be concentrated on during the way to go 
green. The implementation of each indicator can be tested using elasticity and plasticity 
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theorem where there is a specific level to be reached before settling situation. A sustain- 
able model is presented in this paper showing all required indicator-related activities to 
be done in order to obtain a green model for a specific university. All indicators and 
activities should be related to the three sustainability pillars; social, environmental and 
economic to make sure that the institution goes well with the international sustainability 
development goals. 
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Abstract. In low resource contexts, access to technologies is limited. Most firms 
in developing countries are still using analog technologies and have not attained the 
industrial maturity required to harness the benefits of industry 4.0, which include 
increased productivity and a reduced environmental impact of the manufacturing 
sector. This further exacerbates the unequal wealth distribution pervasive in today’s 
globalized world. With the democratization of the internet and increasing acces- 
sibility to microcontrollers and automation technology, the last decade has seen 
the rise of open source machine tools (OSMT) such as CNC mills and 3D print- 
ers. By facilitating sustainable and inclusive production capacity building, OSMT 
are a key technology driver that can enable developing countries to leapfrog their 
industries. However, their potential for cost effective and low-threshold produc- 
tion capacity building in developing countries has been hitherto underexplored. 
This paper reports the findings of a pilot study in Oman with ten migrant-run 
microenterprises in the carpentry and steel fabrication industries. Semi-structured 
interviews and field observations were carried out to gain an understanding of the 
technology needs and readiness levels of the target group. The study identifies 
and discusses the challenges that could hinder the implementation of OSMT in a 
resource constrained context, which include insufficient technological and digital 
literacy, a lack of formal education, and risk adversity. Based on this, the paper 
proposes solutions to foster OSMT adoption. 


Keywords: Microenterprises - Democratizing manufacturing - Open source 
machine tools - Resource constrained contexts - Sustainability 


1 Introduction 


Rapid globalisation has catalysed innovation and increased efficiency in manufactur- 
ing and production. It has, however, also exacerbated global technology and socioeco- 
nomic inequalities: While industrialized nations develop industry 4.0, artificial intelli- 
gence, and associated technologies, low digital resources and capabilities in developing 
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countries and LDCs drastically hinder the development of technical know-how, digital 
infrastructure, and scientific research capacities. 

One promising example of enablers of more equitable and inclusive growth are 
the developments in the field of open source economics. No longer limited to software 
programs, the open source definition is now increasingly applied to physical objects, also 
known as open source hardware (OSHW), whereby the plans to reproduce a physical 
object are made freely accessible for anyone to access, use, modify, distribute, and sell 
[1]. Open source machine tools (OSMT) are a distinct subdomain of OSHW, whereby 
the build instructions, bill of materials (BOM), electronic schematics, and CAD files for 
machine tools are made freely available on the internet. By giving people the means and 
the knowhow to build their own machine tools, OSMT are a key technology driver for 
sustainable and inclusive industrial development in resource constrained contexts [12]. 

This paper uses a qualitative approach to explore the potential of OSMT in alleviating 
resource pressures and increase productive capacities using the example of migrant run 
microenterprises in Oman. Treated like temporary labour and subjected to discriminatory 
national policies, they often operate in the low skilled manufacturing sector and are faced 
with human and financial resource shortages [14]. With no initiatives or support from 
the government to facilitate production capacity development, they are left vulnerable 
to economic shocks and are unable to expand, grow or diversify their businesses. To 
evaluate the potential for OSMT to alleviate their resource constraints, the level of 
awareness of OSMT among migrant workers in the manufacturing sector in Oman is 
identified and the challenges that could hinder the adoption of OSMT are outlined. Owing 
to the highly restrictive temporary migration policies, the conditions of the migrant run 
microenterprises in Oman are representative of marginalized communities living in low 
resource contexts. 


2 Background 


2.1 The Role of Microenterprises in Poverty Alleviation 


Representing two thirds of global employment, and 80 to 90% of the employment in 
developing countries, micro, small and medium enterprises (MSMEs) form the back- 
bone of the world economy [17]. Of the three, microenterprises absorb the majority 
of the workforce while also making the largest relative contribution to the GDP [19]. 
They also play a key role in alleviating poverty, economic empowerment, and the wider 
distribution of wealth by enabling small-scale income generating activities and creating 
jobs [7]. However, they face many hurdles owing to their small size, limited resources 
and capacities [8]. These inadequacies make them more susceptible to economic shocks 
such as the disruption of global supply chains due to the COVID-19 pandemic [5]. 
Microenterprises are challenged on a number of fronts, including through increased 
competition, limited abilities to adapt to rapidly changing market demand, technological 
changes, and the need to innovate and be creative [4]. Successful economic development 
is a result of structural transformation, technological upgrading and industrialization 
[21]. However, microenterprises often lack the resources to invest in technology [22]. 
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This hinders their economic development by trapping them in low value creation activi- 
ties. Providing easy and affordable access to modern machine tools and automation tech- 
nology will enable microenterprises to increase productivity, expand their businesses, 
and progress towards higher value-added sectors of industry. 


2.2 Open Source Machine Tools (OSMT) as a Technology Driver 


The term machine tools has varying definitions but is generally used to refer to form- 
ing, milling, or grinding machines with a focus on metal processing. Sometimes called 
“mother machines”, machine tools are directly or indirectly used to make every mod- 
ern human-made object, including components required to make other machines [10]. 
They are therefore of fundamental importance for many different industries. Due to this, 
machine tools are often regarded to wield the highest impact on the productivity of whole 
economic systems compared to innovations in other fields [15, 16]. 

Innovations in machine tools, however, are highly concentrated in a few industrialized 
nations which are the sole producers of manufacturing technologies [2]. Most developing 
countries rely on buying from these centres of machine tool innovation as they do not 
have the necessary resources and know-how to invent and produce such technologies 
themselves. To do so, entrepreneurs in developing countries need high upfront capital 
investments. Importing machine tools into low-income countries is furthermore riddled 
by administrative and procedural difficulties including high customs taxes, shipping 
costs and other expenses. A lack of technical know-how and low technological literacy! 
further add to this. All in all, the high cost of purchasing and using high-tech machine 
tools is an insurmountable challenge for many entrepreneurs in resource constrained 
contexts. Therefore, even though machine tools can be regarded as decisive technology 
drivers for economic growth that can leapfrog developing economies, high-tech machine 
tools are often unattainable in developing contexts. 

By applying similar principles as open source software (OSS), OSHW offers a poten- 
tial solution to this problem: By making build instructions, BOMs, electronic schemat- 
ics, and CAD files for machine tools freely available online, it is possible to mitigate 
the divide in their accessibility between industrialized and developing economies. This 
can strengthen bottom-up, community-driven developmental approaches [12]. Self-built 
machine tools can be significantly cheaper than their commercial counterparts, lower- 
ing the costs of advanced manufacturing and automation technologies that would nor- 
mally be unattainable for marginalized communities in low resource contexts [13]. This 
could foster the growth of microenterprises by boosting productivity, reducing intensive 
labour, and supporting income generating activities. Moreover, by enabling the produc- 
tion of higher value goods, modern CNC machine tools would allow microenterprises to 
progress beyond low value adding manufacturing processes and compete against bigger 
players with higher capital, resources, and machines, resulting in equitable and inclusive 
industrialisation. 


l Technological or technology literacy describes the ability to work with technology in different 
ways, from understanding over accessing and using to managing it. A certain degree of digital 
literacy is an important precondition to obtain technological literacy as digital devices such 
as computers make digital information accessible; through this, technological literacy can be 
fostered [20]. 
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3 Migrant Run Microenterprises in Oman 


With the top 10% of the population earning more than 60% of the total income, the 
Middle East is plagued with one of the most unequal wealth distributions in the world 
[6]. Oman like its GCC counterparts has a large migrant population, with most stemming 
from South Asian countries [3]. These migrant workers mainly work in the low paying 
secondary job market such as in agriculture and manufacturing with usually menial and 
backbreaking tasks that endanger the workers’ safety [9]. 

With migrants seen as temporary labourers, there are little to no possibilities for them 
to assimilate or gain citizenship in their host countries, effectively barring them from inte- 
grating within the country’s socio-economic context [23]. Trapped in low skilled occu- 
pations with minimal wages and subjected to exclusionary and discriminatory national 
policies, some migrant workers venture into microenterprises as an alternative source 
of better economic returns [14]. Among those microenterprises that focus on manufac- 
turing, they primarily involve low skilled and labour-intensive activities using manual 
machine tools, in sectors such as metal fabrication, construction, and carpentry. 

Migrant entrepreneurs are not eligible to receive funding from government SME 
financing initiatives since these are exclusively available to citizens only [18]. They 
therefore rely heavily on their personal savings or borrow from friends or family to 
start a new business or invest in machinery [14]. This makes it difficult for them to 
modernize, grow, or economically diversify their businesses, while also making them 
more susceptible to economic shocks. Lacking a supportive growth environment, migrant 
entrepreneurs operate in highly resource constrained contexts. 


3.1 Methodology 


Fieldwork was carried out in Oman during February 2022 with the aim of answering 
two research questions: Do OSMT have the potential to boost the productive capacities 
of migrant run manufacturing microenterprises? What barriers hinder the adoption of 
OSMT? 

The local industrial cluster of Wadi Kabir Sanaya in the city of Muscat, that has 
a predominantly dense population of migrant run microenterprises, was focused upon. 
Due to limited online and telecommunication opportunities of the microenterprises, 
interviews with the respondents were carried out face to face at their sites of business. The 
respondents were all male migrants from the South Asian countries of Pakistan, India, 
and Bangladesh. The migrant entrepreneurs were interviewed in their native languages 
of Urdu, Hindi, and Bengali All interviews were transcribed and translated into English. 
The collected data was then subjected to in-depth qualitative content analysis. 

The number of respondents interviewed was limited due to constraints in time and the 
unwillingness of some respondents to be interviewed. Semi structured interviews were 
carried out with the owners of four wood working workshops and six steel fabrication 
workshops. Steel fabrication and carpentry were focused upon since these comprised 
the majority of the migrant run manufacturing microenterprises in the industrial cluster. 
Oman’s Ministry of Commerce and Industry classifies microenterprises as firms with 
1-10 workers and an annual revenue of less than 150,000 Omani rials [11]. 
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3.2 Results 


The interviews and observations were conducted with a set of complementary objectives. 
First, the technological and educational preconditions of migrant workers were studied. 
This included an assessment of technical know-how and formal education to deter- 
mine migrant workers’ theoretical ability to independently access and replicate OSMT 
designs. Most of the interviewees had little to no formal education and could not read 
nor write in English. On the other hand, all interviewees had extensive hands-on experi- 
ence with a mean of ten years in their professions. Most of the interviewees had initially 
been taught by family members or had obtained practical experience through informal 
apprenticeships in their home countries. Only few had completed formal vocational 
training. Interviewees did not regularly use the internet for work-related purposes and 
generally possessed low levels of digital literacy. This was also reflected in the fact that 
albeit most respondents could identify CNC technology from pictures, they themselves 
did not use CNC machine tools and had no knowledge about CAD/CAM technologies. 
It was observed that among those enterprises that did possess some machine tools, all 
were manual machine tools with no automation; almost all interviewees responded that 
processes for which CNC capabilities were required were outsourced. When asked for 
the reason why they did not buy a CNC machine tool, interviewees responded that they 
could not afford to buy a CNC machine, or their workshop lacked the space for one, or 
that they preferred the quality of manual machine tools over CNC machines. 

Interviews then focused on determining migrant workers’ awareness of and attitudes 
towards OSHW in general and specifically OSMT. Most interviewees had no knowledge 
of the concepts OSHW and OSMT but were not unfamiliar with the practicalities of 
the two. Several interviewees already had experience in building machines, albeit on 
a small scale and with simple machines that did not involve software or automation. 
They responded that they had built the machines from pictures of models available on 
the internet or by looking at machines that neighbouring shops had. When asked about 
their opinion on building their own machine tools, along with being more open to the 
idea, those interviewees that already had built small machines were also more confident 
in their own abilities to replicate other machines compared to those who had not built a 
machine. Moreover, they had a good understanding of what they would need to replicate 
a machine, namely detailed visual instructions of the building process. 

Challenges and barriers to OSMT adoption were also considered in both interviews 
and observations. Key findings here were limited time and space and a lack of knowledge 
and experience outside of the narrowly defined fields of work done in their enterprises 
which could hamper both the building process and limit the benefits the interviewees 
might gain from the finished product. Another point identified was the fact that some 
interviewees did not see a necessity for automation and were content with the manual 
machine tools they already used. Apart from that, it was observed that most products 
produced in these enterprises did not require a great degree of precision. Most intervie- 
wees therefore lacked the experience for manufacturing parts with tight tolerances. This 
could pose a challenge for building complex machine tools with moving parts requiring 
precise and accurate fabrication methods. 
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3.3 Discussion 


Based on the results from the interviews and observations, the needs and the potential 
of OSMT to increase productivity in the context of migrant run microenterprises in 
Oman can be derived. The reluctance of many interviewees regarding the adoption 
of OSMT was based on different reasons: these included limited resources including 
a shortage of workers, finances, knowledge, time, and space; some interviewees also 
did not see a necessity for modern CNC machine tools or automation. The different 
attitudes of migrant microentrepreneurs regarding OSMT show that they can be divided 
into two types, the survivalist and the opportunistic. On the one hand, reluctance to even 
consider the idea of increased productivity points towards risk-averse behaviour and 
the lack of a growth mindset which is often seen in survivalist microentrepreneurs [7]. 
This attitude also shows that many interviewees were unaware of the potential benefits 
of OSMT and how automated machine tools can increase productivity while reducing 
labour intensive tasks, thus using the available resources more effectively and reducing 
the need for increased resource input in the middle and long term. It also shows a lack 
of understanding of the working mechanisms and benefits of OSMT and their great 
variety and versatility. For example, foldable, compact, or portable machines reduce the 
need for additional space and make workflows more flexible. Moreover, a key benefit of 
self-built machine tools is that they can be designed to cater to one’s exact requirements 
with no redundant features. This reduces costs and complexity and makes repair and 
maintenance easier. 

Opportunistic microentrepreneurs were, on the other hand, more open towards 
OSMT adoption. This was particularly true for those migrant workers that had previous 
experience with building machines, which shows that initiatives such as educational 
courses and build workshops aimed at exposing migrant workers to practical experience 
with OSMT can lead to increased openness to OSMT adoption. They also have the 
potential to decrease the fear of building more complex machines and facilitate capacity 
building. 

Regarding the accessibility of OSMT projects, it is important to recognize that low 
English abilities among migrant workers in Oman prohibit them from realizing most 
OSMT projects currently available. Most projects published online are documented in 
English and are strewn across various online platforms and repositories, that are often 
difficult to find due to keywords lacking standardization. Language barriers coupled 
with low digital literacy makes it almost impossible for the majority of the migrant 
microentrepreneurs with little formal education to access and implement these projects. 
To make OSMT documentation more accessible to communities like theirs, assembly 
documentation needs to be as language agnostic as possible. One possible solution could 
be IKEA style manuals whereby the documentation is limited to the use of numbers, 
pictures, and symbols that most people can intuitively understand. Moreover, build and 
user instructions that need to be in text format can be documented in a way that allows 
conventional browsers to automatically translate the entire page to the local language. 
These efforts could broaden the audience and user base of OSMT projects, thus helping 
the feedback and adaptation cycle. 

It was difficult for some respondents to comprehend what technologies could benefit 
them and the only machines of reference for them were machines available locally and 
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those everyone else was using. Moreover, most interviewees were sceptical of what 
these self-built machine tools could look like. Co-creation workshops in the framework 
of action-based participatory research whereby the machine tool is designed, developed, 
and built with the end user can create awareness among the microenterprises while also 
empowering them. They will also shed more light on the design methodology that needs 
to be implemented to facilitate successful adoption of OSMT. To elevate the awareness 
of OSMT and overcome challenges in their adoption, future works might also study 
synergies from a cooperation of potential OSMT users, who lack digital literacy but have 
good practical knowledge, and university students, who have high formal education but 
might lack hands-on experience. 


4 Conclusion 


To stay relevant in a rapidly evolving global economy and become resilient in the face 
of pandemics, microentrepreneurs in developing countries need to modernise and diver- 
sify their technological capabilities. With significantly lower costs and freely available 
plans, OSMT offer an affordable and low threshold alternative for equitable, inclusive, 
and sustainable local production capacity building. To fulfil this potential, the challenges 
and barriers to OSMT adoption need to be mitigated. These range from difficulties in 
engineering design, social acceptance, to lacking formal education and digital literacy. 
Multidisciplinary approaches from the fields of engineering and social science are nec- 
essary to overcome these challenges. For example, the basic lack of awareness of the 
potential of OSMT could be solved by carrying our build workshops with potential end 
users to expose them to the concept. Appropriate engineering design would furthermore 
need to consider the local resources available and the constraints outlined by the end 
users. 
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Abstract. Digitalization is considered as a driver of resource efficiency. But next 
to the possible savings that the different digitalization technologies enable, there 
is an ecological effort, too. Most of the existing approaches in this topic only 
consider the possible savings. The presented methodology forms an approach for 
a holistic environmental assessment along the whole life cycle of digitalization 
technology and validates it on a demonstrator. The aim is to take an end-to-end 
view of the use of digitalization technologies. As part of the approach, the global 
warming potential is evaluated. The benefit here is a production environment in 
which the digitalization technology used generates savings. For the evaluation, the 
digitalization system (hardware) is considered from the manufacturing process of 
the different components through transport and operation to recycling (cradle to 
grave). As practical case study, effort and benefit are finally analyzed for different 
resource efficiency scenarios. As a result, a methodical approach based on key 
figures for the holistic evaluation of digitalization technologies is presented and 
discussed. 


Keywords: Digitalization of production systems - Holistic ecological 
evaluation - Woodworking 


1 Motivation for Research 


As a part of the digitalization of production systems, the use of Industry 4.0 technolo- 
gies (for example digital twins, cyber-physical systems and cyber-physical production 
systems) offers a wide range of options for optimizing manufacturing processes [1— 
3]. In addition to improving product and process quality, predictive maintenance or 
self-controlled production systems, one of these options is to increase the (resource) 
efficiency [4, 5]. In general, the use of digitalization technologies has the potential to 
raise efficiency up to 50% and save costs and resources in production [6, 7]. There are 
several approaches that focus on increasing resource efficiency by using digitalization 
technology [8-10]. Mabkhot et al. 2021 analyzed that digitalization and industry 4.0 
technology can contribute to achieving the sustainability development goals of the UN 
(i.a. industry, innovation and infrastructure; climate action; responsible consumption 
and production) [11]. Most of these methods and studies represent the development, the 
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use or the implementation in the manufacturing process and only evaluate the potential 
savings [12]. However, the used technologies, in turn, generate environmental impacts 
during their production, operating and recycling phases. A comprehensive evaluation of 
this in relation to the savings is not considered but needed in case of the current raw 
material situation and climate change. 


2 State of Research 


There exist various approaches and methods that focus on resource efficiency and dig- 
italization. A significant part of them handles the advantages that digitalization brings 
with it to increase resource efficiency, relates to the use of specific technologies and 
describes the possible saving potential [13-17]. A holistic assessment about a com- 
parison of the saving possibilities with the resources to be used only takes place in 
exceptional cases [18]. Thiede 2018 and Schehbeck et al. 2017 describe methods to 
holistically assess environmental impact of digitalization technologies [19, 20]. Thiede 
2018 focuses on cyber-physical production systems (CPPS) and describes that their 
use leads to increasing environmental pollution. Therefore, a holistic assessment of the 
environmental impact is necessary. This environmental pollution is offset by possible 
positive effects. To this problem, Thiede compares manufacturing systems before and 
after the use of CPPS, calculates an environmental break-even point and forecasts the 
different environmental impacts of the two systems. Thiede made assumptions for the 
calculation and did not carry out a holistic evaluation (cradle-to-cradle). He recommends 
expanding the methodology accordingly [19]. Based on the VDI 4800, Schebeck et al. 
2017 conducts various case studies about resource efficiency through digitalization. To 
measure sustainability, comprehensive eco-balance studies are necessary, which provide 
a comprehensive picture of the environmental impact. If possible, both the positive and 
the negative environmental impacts are compared and quantified in the case studies. A 
consistent and holistic accounting does not take place [20]. 

There is a need to develop methods for holistic balancing, which consider all life 
cycle phases of the relevant technology. In addition, approaches are needed that are based 
on existent key figures and ensure applicability in the industrial environment, so that 
statements can be made about the ecological sense of an investment. Addressed scaling 
problems (expansion of digitalization technology) and the simplified representation of 
linear saving curves should be considered. 


3 Methodological Approach 


A sustainable production is characterized as a system that improves positive and reduces 
negative environmental parts [21]. For a holistic evaluation of investment decisions in 
digitalization technology, the achievable benefit and the related negative effort, must be 
considered. The benefit will be generated in the manufacturing systems in which the 
digitalization technology is used. For example, Benchmarking and KPI-based moni- 
toring can reduce energy consumption, increase product quality (reduce reject rate) or 
reduce CO -emissions [10]. The effort arises from the production, transport, operation 
and recycling of the digitalization components (Fig. 1). 


Holistic Approach to the Ecological Evaluation 885 


- savings 


positive fixed effort 


2 ee negative fixed effort E 
n variable cHon - = 
te a .<5 t = 
A 2 
fixed effort 4 
manufacture, k operating period disassembling and 
procurement an utilisation 
installation 
Khe the ecological end of life 
igitalization bre: ak-even-point 
technology 


Fig. 1. Effort and benefit during the life cycle 


The theoretical assumption is based on the simplified approach of the linear effort 
and benefit curves. In practice, different curves are to be expected over the life cycle. For 
the benefit system a declining and a progressive curve can be possible. A declining curve 
progression occurs in systems with a previously low (or no) degree of digitalization. In 
these systems, there is a large increase in benefit right at the start, which comes up to 
a saturation over the operating time (quick wins). For systems that follow a learning 
effect, a progressive benefit curve is to be expected. At the beginning there are small 
savings, which increase during the learning effect. The curve progression influences the 
ecological amortization period. Compared to the linear savings, a declining curve has 
a positive effect on the payback period and a progressive curve has a negative effect. 
A 3-stage scheme is proposed to evaluate the ecological advantages of a digitalization 
investment. 


Step 1: Defining the Framework Conditions 

To determine the environmental impacts of the technology, the environmental impact 
categories and the specific system boundaries for the effort and benefit system must be 
defined in step one. Only those categories that are influenced by both systems are suitable 
as influence categories. On the one hand, savings must be possible during the use of the 
technology in the benefit system and on the other hand an assessment by the effort system 
must be possible, too. For the following explanations, the global warming potential, 
the cumulative energy consumption and the cumulative consumption of raw materials 
are considered. Other suitable categories for consideration must be verified separately 
but can be useful. In addition to the influence categories, a specific system boundary 
must be defined for each of the two systems in accordance with the requirements of 
DIN EN ISO 14040/44 [22]. For the benefit system, an isolated consideration of the 
specific manufacturing process is recommended. A comprehensive consideration of the 
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effort-system, with all relevant environmental impacts along the product life cycle from 
production to recycling (cradle to cradle) is essential for the holistic assessment. 


Step 2: Calculation of the Environmental Impact 

The environmental impacts are calculated separately for the categories selected in stage 
one. To calculate the cumulative values, the maximum lifetime of the digitalization 
technology is assumed to be 10 years (requirement: remaining lifetime of the production 
machine to be digitalized > 10 years). The impact categories can be calculated with 
the life cycle assessment method in accordance with DIN EN ISO 14040/44 [22]. To 
calculate the effort of the digitalization technology, the fixed effort from production 
and from recycling (positive or negative) and the variable effort during the operating 
time (depending on the operating hours of the technology) must be considered as shown 
in Fig. 1. The benefit depends on possible savings accumulated over the defined total 
operating time. Different scenarios can be created for different saving/benefit levels. 
The savings are calculated from the difference between the consumption or generation 
of environmental impacts before the digitalization and the change after the digitalization. 


Step 3: Evaluation of the Ecological Sense 

The determined efforts and benefits can be constituted by key figures and enable an 
evaluation or comparison of the investments in digitalization technology. Two key figures 
are combined for the presented methodology. An essential feature of the selected key 
figures is their suitability for decision support and control to provide decision-makers 
with the essential information in a targeted and understandable manner [23-27]. Using 
the key figure resource efficiency, the benefit level can be calculated. This marks the 
ecological limit point, from when digitalization technology is ecologically beneficial 
[28]. 


benefit 
effort 
Within this perspective, three scenarios are possible (Fig. 2). 
Depending on the scenario, a pre-selection can be made as to whether an invest- 


ment makes sense. A further specification or a ranking between different investment 
alternatives is provided by the key figure ecological repayment period [29]. 


d) 


Ressource efficiency = 


. i damage caused by the investment 
Ecologiacl repayment period = - : (2) 
annual pollutant savings during use 


Once the key figures have been formed, a statement can be made on the ecological sense 
and a recommendation given regarding the investment in digitalization technology. After 
the investment has been made, a target-performance comparison of the calculated and the 
actual values is recommended. In case of discrepancies can be counteracted accordingly 
or the database can be improved for further decisions. 
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Fig. 2. Resource Efficiency Scenarios 


4 Case Study on a Woodworking Process 


The Technical University of Rosenheim operates the production tomorrow laboratory 
(proto_lab). This consists of industrial furniture production and includes three wood- 
processing machines (panel saw, edge banding machine and CNC processing cen- 
ter) [30]. This wood-technical production process (benefit system) was subsequently 
equipped with digitalization technology (effort system) and (costs), energy and resources 
can be saved. The upgrade includes a hardware measuring system (per machine), data- 
transmission, -storage and -evaluation. The created cyber-physical system records data 
every 250 ms (energy, compressed air and exhaust air, machine data and data from the 
Manufacturing-Execution-System) and evaluates it (Fig. 3). 
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Fig. 3. Holistic environmental assessment of the Case study 


To calculate, saving scenarios were generated (by using the cyber-physical sys- 
tem) for greenhouse gas emissions and electrical energy (including compressed air and 
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exhaust air, normalized to electrical energy) in steps of 5% - 25%. Therefore, it was 
assumed that the production (including all upstream chains) of the components takes 
place in China. The system requires 10.5 W of electrical energy per hour to operate. 
Operation only takes place together with the production process in a two-shift working 
period and includes 36,800 operating hours (including production time, set-up time, 
downtime, disruption time). This results in a total consumption of 38.5 kWh during the 
usage phase (maintenance-free system). Recycling takes place within a radius of 100 km 
from the production plant. A full disassembly analysis was realized to analyze the system. 
During the use of the cyber-physical system 280 kg of CO2-equivalent are generated. 
In contrast to this, there are 29,000 kg of CO2-equivalent that are generated during the 
entire service life of the production. The resource efficiency is positive for all saving 
scenarios (assuming a linear progression). With the current data, no curve slope can be 
calculated for the progressive and for declining curves. In the manufacturing process 
under consideration, the savings are achieved by reducing compressed air consumption 
and optimizing the manufacturing program for drilling and milling. In addition, further 
savings can be achieved by monitoring the saw blade (reduction of rejects). To evaluate 
this, the cumulative consumption of raw materials should be considered. For the 5% 
saving, the assumption of the linear progression is correct. This could be confirmed 
by test runs. Savings over 10% require new digitalization-technology, such as artificial 
intelligence applications (planned). These lead to the expectation of a progressive curve, 
which entails a changed ecological amortization period as well as changing effort and 
benefit curves. If only the GWP is considered, the installed digitalization-technology 
(under the assumptions considered) is advantageous. 


5 Conclusion and Further Work 


The presented methodology allows to evaluate digitalization investments according to 
their ecological usefulness. This is urgently needed due to the current raw material sit- 
uation and climate change. Using a 3-stage approach, environmental aspects can be 
included in decisions. In addition to strategic aspects which make digitalization of pro- 
duction necessary, the method offers key figures for ecological evaluation. The evaluation 
on a research demonstrator confirms the practicability of the method. The methodology 
should be critically examined and further developed from the following aspects. 

Due to the currently possible consideration of the GWP, a holistic assessment takes 
place, but decisions regarding the usefulness can only be made one-dimensionally. 
An expansion of the consideration to include several impact categories is planned. 
In addition, a decision matrix is required that allows statements to be made about 
investment-decisions and -comparisons, including economic criteria. 

For industrial applications, the consideration of the effort system must be expanded to 
include software-related influences. Otherwise, a comprehensive consideration and deci- 
sion is not possible. This allows questions regarding IT capacities (internal vs. external, 
central vs. decentralized, server vs. cloud). First activities that show the environmental 
influences of IT-technology already exist [31-33]. 

The presented methodology was tested and evaluated in the research environment. 
A planned further development and evaluation should take place in the industrial envi- 
ronment (series production). Solutions for the allocation of non-productive machine 
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times should be developed. In addition, for practicality it is necessary to collect data that 
can be used to create standardized effort models. This would significantly reduce the 
calculations effort. 


Furthermore, the savings and expenses are calculated based on the current situation. 


Regarding changing framework conditions in the future, there is a need of considerations 
of dynamic calculation (like discounting in cost accounting) [34]. 
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Abstract. Fuel Cells (FC) are one of the most promising technologies for achiev- 
ing the European climate targets, especially for future mobility. As part of the 
German government’s national hydrogen strategy, measures for the further devel- 
opment and implementation of FC technology as a drive technology in automobiles 
as well as the production and use of hydrogen were adopted in June 2020. For Ger- 
many to be a pioneer in the field of FC technology, the investments must be used 
sustainably. The objective of this paper is to introduce a sustainability strategy for 
FCs along the life cycle via production, energy sources, infrastructure, use as well 
as end-of-life. To present an overview of this existing value chain, life cycle anal- 
yses are compared and hypotheses for increasing sustainability are formulated. 
These serve as the basis for the development of interview forms for discussions 
with FC experts from research, industry, and politics. Based on the current state 
of the art and its optimization potential as well as the insider knowledge of the 
experts, a sustainability strategy for FC-powered automobiles is presented. 


Keywords: Fuel Cells - Life cycle analysis - Sustainability 


1 Introduction 


Looking back at the last decade, the automotive industry is under increasing pressure to 
develop innovative and environmentally friendly drive technologies. In order to realize 
the ambitious and regulatory framework conditions of carbon dioxide reduction (CO2) 
by the year 2030, research is being conducted into electrifying drive solutions. The future 
viability of fuel technology is controversially discussed in this context [1]. 

When comparing the sustainability of different drive technologies, life cycle anal- 
yses are carried out in which the occurring CO2 emissions are considered along the 
manufacturing, utilization and recycling phases. With regard to the utilization phase, 
battery- and hydrogen-powered electric vehicles do not emit any direct emissions [2]. 

In this context, the sustainability of passenger cars and light commercial vehicles is 
measured on the basis of the CO2 emissions emitted during the utility phase in grams 
per kilometer, with high penalties having to be paid if set limit values are exceeded [3]. 
On July 14, 2021, the EU Commission presented a ban on the sale of new cars with 
internal combustion engines from 2035 in its climate plans. 
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In order to maintain competitive in drive technologies, the field of future Fuel Cell 
(FC) technology must be caught up. Existing obstacles along the lifecycle must be ana- 
lyzed and proposals for action must be made. In order to be able to use FC technology 
sustainably and comprehensively and thus contribute to more climate-friendly mobility, 
the potential for optimization along the FC life cycle must be continuously analyzed. 
With the help of questions on the weaknesses of the technology with interview partners 
from research, industry and politics, concrete measures for action are to be developed 
within the framework of a strategy paper. Within the framework of this paper, a sustain- 
ability strategy is developed, in which proposals for action are listed for achieving the 
selected milestones for increasing the sustainability of FCs. These proposals for action 
are primarily intended to answer the research questions of CO2 emission reduction and 
the sensible use of automobiles powered by hydrogen. The strategy paper results from 
the knowledge gained from the life cycle meta-study as well as the analyzed interview 
responses from FC experts. The strategy paper is intended to provide an overview of the 
aspects of sustainability enhancement along the FC life cycle. 


2 Life Cycle Analysis on Fuel Cells 


Life cycle analysis is used to record and assess the environmental impact from cradle to 
grave, i.e. from the extraction of raw materials to the manufacture, use and disposal of 
the product. The method of life cycle analysis aims to provide information on resource 
consumption and emerging pollutant emissions from product manufacture, usage and 
disposal. Life cycle analysis consider possible environmental damage over the entire 
product life cycle and are used for decision-making. The standardization of the LCA 
methodology was recorded by the International Organization for Standardization within 
the framework of the ISO 14040 (ISO 2006a) and ISO 14044 (ISO 2006b) standards. 
In the following, 13 life cycle analyses that are relevant for FCs are further analysed. 
Studies with life cycle analyses published in the period 2015-2021 are examined. In 
addition to fuel cell drives, the life cycle analyses examined other drive technologies 
in order to make a comparison with conventional or purely electric drives. A further 
meta-analysis is necessary since no life cycle analysis covers the emissions of all five 
life cycle phases of an automobile with PEM fuel cell drive. 

According to an analysis by SIMONS, achieving large reductions in the life cycle 
emissions of FC vehicles (FCVs) requires that the environmental impacts are consistently 
lower than for internal combustion vehicles (ICVs). The analysis shows very clearly that 
powering FCVs with hydrogen produced from fossil resources (directly or indirectly via 
electrolysis) offers no environmental benefits compared to gasoline vehicles from a life 
cycle perspective [4]. 

Platinum and carbon fibers were identified by MIOTTI et al. as the most important 
sources of environmental impact in FCVs. For platinum, a combined effort to reduce 
pollution and increase recycling rates can significantly reduce these impacts. For carbon 
fibers, recycling becomes more problematic. Therefore, a reduction in material use and 
a simultaneous increase in production efficiency will have to occur [5]. 

According to LI et al., the well-to-wheel (WTW) energy efficiency of FCVs using 
hydrogen from solar solid oxide electrolysis cell (SOEC), solar thermochemical, and 
nuclear SOEC systems is comparable to that of Battery electric vehicles BEVs [6]. 
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Favorable results were calculated by AHMAD Tet al. for switching from conventional 
gasoline vehicles to hydrogen FCVs, based on a significant reduction in greenhouse gas 
emissions (72%), complemented by significantly reduced life-cycle fuel costs. In addi- 
tion, FCVs have no harmful emissions during vehicle operation, which could contribute 
to a noticeable improvement in air quality in urban areas. The estimated life-cycle energy 
consumption of the hydrogen FCV was 21% higher than that of the gasoline vehicle due 
to the higher energy required for hydrogen production, distribution, and delivery, as well 
as for the vehicle’s material production [7]. 

The results of a study by PREVEDEOUROS reinforce the position that transportation 
policy should be dynamic to reflect changes in vehicle fleet and regional data, to support 
clean technologies and renewable energies, and to complement existing transportation 
regulations. FCVs have the lowest CO2 emissions at 260 g per passenger-mile [8]. 

The environmental benefits of using hydrogen in the use phase of the FCV were 
highlighted by EVANGELISTI et al. The FCV shows significant advantage in the utility 
phase compared to the other technologies. However, the reduction of environmental 
impact in the production of FCVs is necessary. It is still an important challenge that 
needs to be addressed in the coming years [9]. 

In 2030, according to MEYER et al. the platinum demand for the FCVs and the 
catalytic converters is ca. 110 tons. Platinum is already very well recycled today. Global 
platinum demand is covered to 23% from secondary material. The end-of-life recycling 
rate for platinum in the vehicle sector is over 50%. The use of recycled material origi- 
nating from the mobility sector significantly dampens the demand for primary material 
[10]. 

The hydrogen FCV selected for the study by KARAASLAN et al. did not show any 
promising advantages over combustion engine propulsion, either in terms of emissions 
or consumption. This is due to the fact that the process of hydrogen production emits a 
considerable amount of greenhouse gases even when using the energy path of electrolysis 
as opposed to the combustion of natural gas. In addition, the electricity used in this 
pathway is converted to hydrogen and then back to electricity within the fuel stacks, 
making this energy pathway much less efficient than that for electric vehicles [11]. 

An analysis by ZAPF et al. shows that, except for THG emissions, there has already 
been a significant reduction in passenger-mile or specific car emissions in Germany in 
the past. The CO2 emission reduction of about 15% was cancelled out by 2017 by an 
increase in passenger car traffic in Germany, so that total CO2 emissions from passenger 
car traffic increased by 0.5% between 1995 and 2017 [13]. 

The study by the Fraunhofer Institute for Solar Energy Systems ISE identified in its 
life cycle analysis that FC cars are the most climate-friendly. Here, the emissions for 
passenger vehicles of different drives were compared over a mileage of 150,000 km 
[12]. 

The more the share of renewable energy increases, the production costs of FCVs 
decrease, and the required range of BEVs increases, the more the competitiveness of 
FCVs increases compared to BEVs in terms of cost and environmental impact. Provided 
that the electricity mix has a low COz intensity, it is recommended to promote BEVs for 
short-distance and delivery transport (e.g. parcel services) and FCVs for long-distance 
passenger and freight transport [13]. 
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According to COX et al., only in areas with very clean electricity (below 200 g 
CO2eq/kWh) do FCVs powered by hydrogen from electrolysis offer climate benefits 
compared to ICVs [14]. 

Based on the assumption that there will be 100% renewable energy generated by 
today’s plants in 2050, according to LOZANOVSKT et al. the Catenary electric vehicle 
has the lowest greenhouse gas emissions, followed by the BEV. The FCEV is in the 
middle range and the internal combustion vehicles have the highest GHG values [15]. 


3 Hypotheses for Sustainability Optimization 


Based on the state of the art and the comparison of the life cycle analyses, three hypothe- 
ses are established for each life cycle step. The selected hypotheses are discussed with 
experts through directed questions. In case of validation, strategy points can be drawn 
inferentially from the hypothesis. In Table 1, three potential hypotheses per life cycle 
phase are explained. The prioritization (1-3) is based on a qualitative literature analysis 
and serves to focus a hypothesis and thus strategy approach. Regards to the extensive 
subject area and the diverse backgrounds of the experts and stakeholders, a draft strategy 
for increasing the sustainability of the entire life cycle can be defined in a targeted and 
comprehensible manner. This minimizes the risk of deviation from the overall topic and 
a one-sided focus on certain phases. The hypotheses that have not been prioritized can be 
scientifically processed by means of an empirical investigation and a selection of further 
experts. 


Table 1. Hypotheses for each life cycle step. 


Life cycle step Nr. Hypothesis 


Production (FC manufacturing) 1 Increased knowledge sharing promotes mass 
production and FC price reduction through scaling 
whereby concepts for smart production as well as 
energy management reduce emissions during 
production 


2 Standardization of the metal-based bipolar plate 
material would shift funding and thereby realize 
mass production as quickly as possible and 
simplify recycling 


3 Platinum reduction in the catalyst using alloy 
nanoparticles would sustainably reduce emissions 
generated during production 


Hydrogen generation 1 The expansion of renewable energies is behind its 
forecasts and is hindering the sustainable 
production of green hydrogen 


(continued) 
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Table 1. (continued) 


Life cycle step Nr. Hypothesis 


2 In addition to green hydrogen, turquoise, blue, and 
pink hydrogen are needed for a transition phase to 
meet the 1.5 °C climate target 


3 Cross-sectoral demand for hydrogen in chemistry, 
transport, heat and energy leads to distribution 
conflicts, Hydrogen shortages and high purchase 
prices 


Hydrogen infrastructure 1 Hydrogen infrastructure is monopolistically 
managed and realized more slowly than necessary 


2 Fueling station concepts that ensure energy supply 
for all propulsion technologies will lead to the 
independence of the infrastructure regarding future 
mobility development 


3 Knowledge generated by the position as a 
hydrogen nation can be marketed as an export 
commodity independent of local development 


Utilization (End-User) 1 An either/or decision between battery and FC drive 
technology leads to an unobjective discussion that 
hinders synergy effects within electromobility 


2 Due to the high price of current FC-powered car 
models and the low supply on the used car market, 
they are not relevant for a customer when making 
purchasing decisions 


3 A lack of a sharing mentality hardly allows 
business cases for sharing automobiles 


End-of-Life 1 The lack of hydrogen infrastructure abroad hinders 
the sustainable reuse of automobiles 


2 Synergies between battery and FC recycling are 
not exploited 


3 Recycling companies invest hardly any research 
and development funds in recycling processes of 
PEM FCs, which is why they are not prepared for 
increasing FC returns 


4 Expert Interviews and Strategies on Fuel Cells 


As part of the expert selection process, a total of 54 potential interview partners were 
contacted and requested for an interview with a brief introduction to the research project. 
Thirteen experts agreed to an interview (Table 2). In selecting the individual experts, 
attention was paid to the diversity of the fields of action of the various players. 
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Various hypotheses for increasing the sustainability of the PEM FC life cycle emerged 
from the state of the art and the comparison of the life cycle analyses (Table 1). The 
interview questionnaires developed and interviews conducted serve to collect internal 
knowledge from the experts with regard to the hypotheses established. The interview 
questions were adapted to the expertise of the respective expert. 

The statements of the interview partners are assigned to the categories of production, 
hydrogen production, hydrogen infrastructure, utilization and end-of-life. In a qualitative 
content analysis, an evaluation of expert statements is carried out and measured on the 
basis of internal and external quality criteria. The internal quality criteria include inter- 
subjective comprehensibility, credibility, regularity, and auditability. External quality is 
measured by the possibility of generalization and transferability. 

The composition of the elements from the state of the art, the meta-study of the life 
cycle analyses and the expert interview statements results in strategy points and mile- 
stones. In terms of a holistic approach, the areas of production, hydrogen generation and 
infrastructure, utilization and end-of-life are considered for strategy points and mile- 
stones (Fig. 1). For the elaboration of the strategy points, the knowledge gained from 
the state of the art, the meta-study of the life cycle analyses as well as the interviews 
were used. The goal of the strategy is to increase the sustainability of hydrogen-powered 
vehicles during market entry and expansion. The advantages of the emission-free tank-to- 
wheel balance when using green hydrogen must be weighed against the CO2 emissions 
of the infrastructure expansion. The critical components are the remaining CO? budget 
to achieve the 1.5 °C climate target and the short time period to undercut total emis- 
sions compared to maintaining conventional vehicle powertrains. To achieve the best 
“operating point”, a milestone to be reached is defined for each life sector. 


Table 2. Interviewed Experts 


Nr. Expertise Position 
1 Knowledge Transfer PEM FC production CEO 
2 Business development for FCs Consultant 
3 Research on development of FC systems R&D Manager 
3 FC Research and Industry Network Chairman 
4 Integration of FCs in the power grid Associate Prof 
6 Manufacturing process for bipolar plates Research Associate 
7 Power-to-gas plants Operations Manager 
8 Networking in research projects focusing on CEO 
hydrogen 
9 Clean fuel and drive concepts Project Manager 
10 Recycling of platin Project manager 
11 Recycling approaches for FCs Consultant 
12 Recycling approaches for FCs Consultant 
13 Economy, energy and transport Advisor in the German Bundestag 
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An iterative process would be necessary to check the progress and practicability of 
the sustainability strategy. In analogous sustainability strategies, the developed points 
are evaluated in various constellations of actors and stakeholders from politics, research, 
industry and citizens’ initiatives. The preparation of an independent preliminary, targeted 
study appears reasonable, in order to obtain a broad view of the existing conditions and 
possible problem areas. The regulatory, financial or idealistic obstacles should be openly 
discussed in order to be able to initiate improvements. In practice, it has been shown 
that constant evaluation and regular adaptation of a strategy are useful for achieving 
milestones in terms of content and in a timely manner. There is no guarantee for the 
success of sustainability strategies due to the complex and multi-layered nature of the 
topic regarding the desired change in transport and the current inertia of established 
structures. 


investment 
security must be 
created for large- 
scale production 
of PEM FCs 
independentof 
political 
structures 


Coupling projects 
of the transport 
sector with the 
heat and energy 
sectors for 
decarbonization 
can enable the 
supply of green 
hydrogen. 


Demand-driven 
hydrogen refueling 
infrastructure 
expansion can 
avoid emissions 
that would 
otherwise occur. 


| Government- 
owned automobile 
fleets, should 

| convert to 
hydrogen power, 
reducing strain on 
the electric grid 
despite increasing 


| e-mobility. 


|The creation of leasing 
systems for PEM fuel 
cells by fuel cell 
manufacturers and 
national OEMs 
guarantees the 
professional recycling 
of critical resources 


such as platinum 
T p 


Local PEM fuel cell 
and automotive 
manufacturers can 
act as solvent 
business 
enterprises while 
investing in 
manufacturing 
facilities. 


Refueling of 
automotive fuel 
cell drives with 
hydrogen is 
possible, 30% of 
which is produced 
sustainably 


The supply of the 
existing hydrogen 
infrastructure is 
fully utilized, so 
that refueling 
stations amortize 
financially and in 
terms of 
emissions 


The power grid 
can be successfully 
modernized 
despite the 
increasing use of 
purely battery- 
electric private 
vehicles, 


| A standardized, 
exemplary leasing 
system for PEM fuel 
cells reduces the share 
of platinum purchases 
from primary sources. 


Fig. 1. Strategy points and milestones for fuel cell vehicles 


5 Summary 


From the state of the art as well as the comparison of the life cycle analyses, hypotheses 
can be derived for the sustainability increase of the PEM fuel cell life cycle. Com- 
plemented by the knowledge gained from interviews with experts, the hypotheses can 
be used to establish 5 strategy points and milestones. These are based on production, 
hydrogen generation, hydrogen infrastructure, utilization, and end-of-life. 

Major progress has already been made in production by fully automating the series 
production of a PEM FC system. A remaining challenge is the investment security, that 
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must be created in order to enable large-scale production of PEM FCs. For hydrogen 
generation, as aresult of the increased use of renewable energies for power generation, the 
electricity peaks that occur could be used to generate green hydrogen from the electrolysis 
of water. In the interviews, it is regretted, that one hundred percent green hydrogen cannot 
be distributed at the hydrogen fuel stations due to a lack of supply. The construction of 
the existing hydrogen infrastructure resulted in emissions that must be deducted from the 
remaining CO, budget of the energy sector. When the sustainability of the PEM FC life 
is considered holistically, there is the potential of emission savings. The sustainability 
enhancement of the transport sector by 2050 is predominantly focused on the use of 
battery electric vehicles, although municipalities could convert their commercial vehicle 
fleets to PEM fuel cells in sensible business cases. The lack of a foreign purchase market 
requires necessary investments in local recycling structures in case of increasing return 
rates or creative leasing systems of the PEM fuel cells at end-of-life. 

In summary, the sustainability strategy includes the promotion of knowledge transfer 
regarding the manufacturing processes as well as an investment security, sector coupling 
projects in the field of hydrogen production, an expansion stop of the refueling station 
infrastructure, the focus on the use in public transport and finally a leasing and tracking 
system of the PEM fuel cells. 
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Abstract. The market for electrical vehicles (EVs) is expected to show constant 
growth in the next years. However, Europe is not prepared to manage such a 
massive flow of electric vehicles at the End-of-Life (EoL). Consolidated value 
chains including recyclers, remanufacturers, and dismantlers able to treat key 
parts of EVs efficiently and safely at the EoL (such as batteries) do not exist at 
the needed industrial scale due to their novelty and complexity which requires 
innovative technologies and methods. 

Furthermore, the huge uncertainty on the volume of parts, their EoL con- 
ditions, materials cost fluctuations, and market acceptability discourage compa- 
nies from starting new recycling/remanufacturing businesses. This carries the risk 
of delaying the consolidation of European value chains specialized in the EoL 
management of EVs. In order to address these challenges, the present research, 
which was carried out in the frame of the H2020 “CarE-Service” European-funded 
project, proposes a new circular business model for the EoL management of EVs. 


Keywords: Circular Economy - Automotive Supply Chain - End-of-Life 
vehicles management 


1 Introduction 


With growing awareness of climate change, the transportation sector is one of the main 
areas for carbon reduction strategies [1]. The advantages of lithium-ion batteries (LIBs) 
as the power component for EVs as well as the higher efficiency of EVs compared to 
internal combustion engines are creating a revolution across the sector. During the last 
decade, EV production has drastically increased from a few thousand to 11.3 million 
EVs in 2020 [2]. In order to meet existing government policies, more than 142 million 
EVs will be on the road in 2030 and this could increase even more. 

The electrification trend goes in the direction of sustainability because it reduces the 
recourse to fossil fuel, and it raises also challenges associated with EVs manufacturing 
and EoL supply chains [3, 4]. Large quantities of critical raw materials (Fe, Al, Co, 
Ni, Li, etc.) will be necessary to produce batteries and other added-value components 
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of EVs, with the consequent need for intensive mining processes [5]. Thus, reusing 
and recycling strategies for EVs should be systematically pursued. However, proper 
collection and transportation of end-of-life vehicles (ELVs) [6], secure battery removal 
from vehicles, and efficient disassembly processes of valuable parts require specific 
knowledge, trained personnel, and special tools and equipment to guarantee safe EoL 
treatment processes that also do not damage the environment [7-9] 

Circular economy (CE) aims to maintain the value of products, components and parts 
through reuse, repair, remanufacturing, upgrade, and recycling approaches [10]. We are 
in a transition period in which the number of EVs reaching their EoL increases while 
Europe is not prepared to manage them properly [10, 11, 13]. Due to the current low 
number of EVs at EoL, the availability of spare parts from EVs is insufficient. Therefore, 
the market for reuse and remanufactured parts from EVs is limited and uncertain and 
reverse supply companies are discouraged from investing and offering EoL parts services 
[13, 14]. Besides, there is still a lack of consolidated, high-scale reuse and recycling value 
chains specialized in the EoL treatment of EVs. 

To address the aforementioned challenges, this paper proposes a new circular econ- 
omy business model for the EoL management of EVs. The new business model is based 
on innovative dismantling technologies and an Information and Communications Tech- 
nology (ICT) Platform for efficient integration and coordination of all stakeholders of 
the circular EVs value chain as well as for the establishment of a trusted marketplace of 
remanufactured parts and recycled materials. 


2 State of the Art 


Every year, millions of vehicles in Europe reach the end of their life. The EU Directive 
2000/53/EC imposes obligations to increase the recovery of all ELVs in order to recycle 
and reuse parts and materials accounting for 95% of an average vehicle weight [8]. 
Since a vehicle is a complex product composed of thousands of parts with different 
materials, ELV recovery is a complicated process [9]. The establishment of a circular 
economy approach is of paramount importance to guarantee future sustainability in 
the automotive industry and exploit the economic potential offered by reusing various 
parts and components the way they are disassembled from an EV for spare market; 
remanufacturing by repairing and replacing some components from disassembled parts 
to make them usable in the same or different application and recycling of high-value 
components of post-use EVs to extract the raw materials from parts that are known as 
waste or are not reusable or manufacturable [10]. However, due to the novelty of EVs, 
such an approach is not fully employed [14]. Our investigation on existing scientific 
literature shows that there is still a lack of circular business models for ELVs management 
at the supply chain level and issues such as reverse logistics [3, 9, 15], optimization 
models for closed-loop supply chain [7, 16], recovery infrastructure and disassembly 
[8] are at the center of studies. 

Several high-added-value components are not systematically recovered and they are 
part of the undifferentiated flow of automotive waste that is recycled through shred- 
ding and chemical processes after the removal of hazardous materials [17]. In terms of 
materials, it can be estimated that ferrous and non-ferrous metal parts represent 60% to 
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70% of the overall materials. At the moment, after removing reusable and recyclable 
vehicle parts, the hulk is compressed and transferred to a shredder, whose task is mainly 
to recover metals [18]. The content of techno-polymers (advanced polymers with high 
mechanical properties that substitute metals to reduce vehicle weight) in EVs is higher 
than in traditional combustion vehicles and it is expected to increase significantly in the 
next years [9]. The automotive post-use techno-polymers are not currently recovered 
and recycled. Thus, there is a high potential to improve sustainability by introducing 
circular strategies for metal and techno-polymer materials such as re-manufacturing or 
recycling. In addition, with the introduction of EVs, batteries pose severe challenges to 
dismantling as operations are mainly manual and dangerous [3, 17, 19]. Furthermore, 
there is a lack of sufficient information about the performance of retired batteries and 
the lack of new market opportunities for second-use applications [10, 16]. 

Besides single solutions to address various materials and parts, proposals of sys- 
temic supply chain approaches are missing. The automotive supply chain actors act in 
a fragmented way which slows down the establishment of consolidated circular chains 
[14]. 


3 Methodology 


This article presents the results of the “CarE-Service” project, a European H2020-funded 
project aimed at establishing new technologies and business models for the circular econ- 
omy of EVs (Grant Agreement number 776851). Several supply chain stakeholders such 
as automotive OEMs, recyclers, remanufacturers, dismantlers, technology providers, and 
ICT Platform developers were involved to design a new circular business model for the 
EoL of EVs, to provide requirements for the dismantling of critical EVs parts (e.g. 
Batteries), as well as to test new technologies and support economic simulations for 
sustainability assessment [20]. 

8 in-depth interviews with stakeholders at different levels of the supply chain and 
two workshops were carried out to collaboratively define the pillar of the future circular 
business models and the specifications of the ICT Platform that will support it. 

The stakeholder network diagram was used, as an instrument to help practitioners 
identify partners and define To-Be network relationships (Fig. 1). The business model 
canvas was used as a framework to design the new business model [21]. Finally, the ICT 
Platform was developed according to the Agile framework (Scrum) methodology. Dur- 
ing each “sprint”, incremental developments were tested and validated by stakeholders 
engaged in the project. 

After the development of the business model, ICT Platform, and advanced disman- 
tling solutions an integrated economic assessment was carried out using Discounted Cash 
Flow techniques (DCF), considering an assessment period of 10 years and calculating 
indicators such as the Net Present Value (NPV) and the Pay Back Time (PBT). 


4 Results 


4.1 The Smart Movable Modules (SMMs) 


EVs are “new products” for dismantlers and require new skills and disassembly technolo- 
gies/processes that are too sophisticated and/or expensive to be acquired in a short time, 
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Fig. 1. CarE-Service stakeholder network diagram 


especially considering the relatively limited market in this transition phase. Robotized 
battery disassembly technologies and advanced testing methods have been developed in 
CarE to be transportable inside a container. These “Smart Movable Modules” (SMMs) 
can be available on demand to dismantlers as pay-per-service, according to the volumes 
of processed EVs. 

The focus of the disassembly SMM is the dismantling of the battery packs. A flexible 
robotized solution, able to recognize and adapt to the specificities of various battery 
packs, extracts battery modules by cutting the external cover of the pack, drilling the 
external case, removing screws, connector cutting, and module grabbing. Since this 
operation is designed to be handled by an operator managing the robot, batteries with 
different characteristics are trained on the robot. 

The testing SMM is dedicated to testing disassembled metal and techno-polymeric 
parts and components from EoL vehicles. The testing of the metal parts focuses on the 
geometrical evaluation and physical properties of metals that can influence downstream 
re-use and remanufacturing processes. For techno-polymers, non-destructive tests are 
carried out to characterize the material of dismantled parts with the goal of optimizing 
recycling. 

The two modules can operate together or separately. SMMs are connected to the 
CarE-Service ICT Platform (4.2) to immediately showcase the disassembled and tested 
parts for reuse or further remanufacturing/recycling processes. This guarantees that 
the parts disassembled and exchanged in the CarE-Service community have known 
characteristics and justified prices, decreasing the typical uncertainty of traded EoL 
parts. 
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4.2 A New Integrated CarE-Service ICT Platform for the EOL Management 
of EVs 


A new ecosystem, the CarE-Service Community, has been created through the CarE- 
Service ICT Platform. It is built on the business relationship among different stakehold- 
ers, from different industries and trade levels (Fig. 2). All the members of the CarE- 
Service Community can benefit from the services offered, such as the marketplace, the 
SMMs, and the logistic services. 

Based on the value proposition of the business model, for all the targeted customer 
segments the platform offers a demand-driven trading marketplace of high-added-value 
parts and components from EVs. It also gives access to the dismantling and testing 
services (via SMMs that are booked through the Platform) and to logistic services such 
as transport of the purchased parts. The main advantage is the combined use of the 
SMMs and the marketplace, as this makes the platform stronger and more competitive 
in the market against other existing marketplaces, as the standardized dismantling and 
testing processes ensure the quality of the traded parts. In addition, users can receive 
support and services for the dismantling and upcycling of EVs parts and request that 
new products are added to the marketplace. 


CarEService 


Community 


Fig. 2. CarE-Service community systemic view 


A client application was created for the operators of the disassembly SMM, with 
a double purpose: First to keep the data of the dismantling process updated on the 
marketplace with a direct link from the operational field to the Platform. Second, for 
connecting to a knowledge database where all the information about performed processes 
to implement a sort of machine learning approaches are stored. In this way, the SMM 
operators can be guided in the disassembly of various types of batteries. 

Another client application was developed to enable two-way information exchange 
between the Platform and the testing process carried out in the testing SMM. The appli- 
cation is based on a guided process for the selection and inspection of cores (used 
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automotive parts) under the name “CoremanNet”!, which was expanded for the selec- 
tion of batteries, metal parts and techno-polymers coming from EoL EVs. The selection 
process is a guided process and proceeds according to criteria that the operator selects 
from predefined values on a list. At the end of the selection, all the information provided 
by the operator is posted on the marketplace as the characteristics of the part, while the 
part is already assigned to its owner (seller on the marketplace). 

The logistics feature provides shipment management to the marketplace and it is 
based on the “Circul8”? Platform. Companies need to be approved by the Platform 
before they can act as an official logistics provider for the marketplace. Through decision 
matrixes, the logistics feature determines the optimal route and price for the marketplace 
order based on a set of criteria, like the container type, regions of buyer and seller, or 
weight. Logistic providers can access logistics features such as downloading reports, 
managing orders or placing custom quotations. 

The “drop-off locations” feature allows external stakeholders (car dealers, work- 
shops, municipalities, or even car owners) to find local dismantlers who are community 
members. This feature fulfills the gap between the marketplace and the market of the 
EoL EVs and feeds the marketplace with parts. 


4.3 Impact and Sustainability of the CarE-Service ICT Platform 


The result of the economic simulation depends on the technical evolution in battery 
remanufacturing and recycling, metal remanufacturing, and techno-polymers recycling 
value chains developed through the project. The technical solutions from three value 
chains of battery, metal and techno-polymers at ELVs quantified the capacity of pro- 
ducing remanufactured and recycled parts. Using the forecasted number of EoL EVs 
over the next 10 years led us to evaluate the economic sustainability of such a consoli- 
dated community described in Sect. 4.2. Hypothetically only 3-5% of such a market is 
considered to be treated via the CarE-Service network. 

To evaluate such sustainability, DCF and NPV analysis for 10 years of business 
operation is adopted from years | to 10 (Formula 1), where CF stands for cumulated 
Cash Flow and is divided by the interest rate (r) per number of years: 


DCF = CF; /(1 +n! +CFo/(l+n*+...+ CFa/( +D” (1) 


Several key variables to quantify costs and revenues are linked to this formula. Costs 
are mainly the operation and development costs of such a platform while revenues are 
generated mainly from fees per sold remanufactured/recycled parts plus the percentual 
share of SMM services. Since the availability of EoL EVs at the moment is limited, 
it is assumed that the CarE-Service ICT Platform market segment will mainly support 
groups of Small to Medium Sized Enterprises (SMEs) of remanufacturers, recyclers and 
service providers. Therefore, the number of stakeholders (dismantlers, remanufacturers, 
recyclers and service providers) that trade various parts inside the platform are cumulated 
for each year as key variables to multiply into the single cost-revenue block. 


! Coremannet, Circular Economy Solutions GmbH, [Online]. Available: https://www.corema 
nnet.com/home/. 
2 L, Software, ""Landbell Software," [Online]. Available: https://landbell-software.com/. 
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The CarE-Service ICT platform will have a forecasted turnover ranging from 1 mil- 
lion Euro (M€) to 10 M€ from year 1 to year 10 respectively with an overall NPV 
of 13 M€. In this simulation, the number of stakeholders in the considered evaluation 
period ranges from 60 to more than 600 in year 10. Following the same methodol- 
ogy and according to key variables such as the number of customers (mainly small 
to medium-sized dismantlers who can hardly afford the high investment costs of dis- 
mantling machinery), volumes of disassembled batteries over 10 years considering the 
incremental rate of batteries at EoL; the price per disassembly and testing services by 
SMMs company, the business for the SMMs is found to be sustainable with an NPV of 
5 M€ over 10 years. In this simulation, the number of operating SMM will range from 
28 SMMs and 27 SMM in year 1, up to 124 SMM in year 10 which will allow meeting 
the demand of the increasing EoL EVs. 


5 Conclusion 


In the automotive sector, new business opportunities can be exploited and considerable 
environmental savings can be achieved by adopting circular economy strategies for 
EVs. At the moment, there is a lack of a consolidated supply chain to help this transition 
toward the circular economy and stakeholders in the supply chain act in a fragmented 
way. This paper proposed a new business model supported by advanced disassembling 
technologies and a cloud-based platform that coordinates the EoL supply chain actors. 

The CarE-Service Platform provides a marketplace with virtual stores, where the car 
parts can be placed to be sold to any other member of the community. The ICT Platform, 
at its core, also acts as a demand-driven platform where any player can request specific 
products. Finally, the SMMs integrated with the CarE-Service platform allow the com- 
munity to seamlessly dismantle car parts based on industry best practices and add value 
to these parts by testing, certifying them, and proposing the best possible purpose. What 
makes the CarE-Service Platform business models unique are B2B Platform specialized 
in the circular economy of EVs; Integration and orchestration of all the stakeholders 
of the new EV reverse chains; Offering dismantling and testing services on-demand 
through an integrated business model with SMMs; Unbiased testing and certified parts 
to reduce uncertainties of the circular business. 
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Abstract. This paper presents a design model that supports the systematic steer- 
ing and operationalization of sustainability in manufacturing industry at all cor- 
porate levels. Studies show (e.g. Ramboll Group, Smurfit Kappa) that companies 
are aware of both the need for and the opportunities of corporate sustainability. 
Corporate sustainability means improving environmental and social effects as well 
as conditions, while operating profitably in the long term. However, companies 
face the challenge of resolving the complexity of corporate sustainability. Due to 
this challenge, the sustainability management model presented in this paper pro- 
vides a holistic framework that addresses the relevant elements, fields of action 
and interrelationships of sustainability management in manufacturing companies. 
A top-down approach enables the management of sustainability at several cor- 
porate levels. In addition, various design elements enable the integration of sub- 
models through which a further concretization and operationalization of corporate 
sustainability can be realized. 


Keywords: Sustainability Management - Sustainable Production 


1 Introduction 


Responsible and far-sighted behavior is more important than ever for the continuation 
of a livable world and a healthy society considering today’s global developments and 
the effects of human actions (e.g. climate change, pandemics, resource scarcity and 
inequality). In this respect, sustainability provides the guiding principle for a conscious 
and life-saving use of ecological, social, and economic resources [1]. The strategic 
direction and operational actions of a manufacturing company determine whether it 
makes a positive or negative contribution to sustainable development [2]. 

In this context companies are faced with the challenge of resolving the complexity 
of corporate sustainability through systematic steering as part of sustainability manage- 
ment. The complexity is particularly formed by the interwoven relationships of sustain- 
ability over the entire product life cycle, the requirements of all stakeholders and the 
uncertainty of the effects of sustainability-driven decisions. To address this complex- 
ity, a systematic business orientation and an effective operationalization is crucial. A 
company’s resources, goals and opportunities must be brought together across divisions 
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at the normative, strategic, and operational level. For sustainability management, it is 
important not to create isolated solutions, but to establish an overall corporate solution. 
In this respect, a holistic sustainability management model is required that supports the 
management of sustainability at all corporate levels [3, 4]. 

Based on the previously described challenges, the following research question is 
derived: “Can the complexity of corporate sustainability be addressed and solved by a 
holistic management model?” In this paper, such a sustainability management model 
is introduced. Section 2 initially presents the key requirements for sustainability man- 
agement in manufacturing companies as well as existing approaches that have been 
evaluated based on these requirements. Section 3 covers the principles and methods 
used to develop the model, while Sect. 4 introduces the design model. Section 5 dis- 
cusses the evaluation of the model before concluding the paper with a summary and 
outlook in Sect. 6. 


2 State of the Art 


This chapter focuses on the review of existing frameworks in sustainability management. 
In view of the challenges and problems described at the beginning of this article, four 
scientific publications will first be presented and evaluated. 


Busch et al. — Framework for Shaping Sustainability in Manufacturing Companies: 
The framework establishes a connection between sustainability aspects and the product 
life cycle via nine fields of action. In addition, three overarching sustainability goals are 
defined for the phases of the product life cycle. With a requirement-specific character, 
fields of action are described predominantly at the strategic level, which can lead to an 
increase in corporate sustainability. These also include the perspective on the use and 
management of data. However, essential aspects of sustainability management such as 
the corporate mission statement, circular economy, stakeholders, operationalization of 
sustainability or internal and external communication remain unaddressed [5]. 


Briele et al. — Internet of Sustainability (IoS): The Internet of Sustainability (IoS) 
model is an extension of the existing data-driven framework Internet of Production 
(IoP) [6]. The model consists of three data layers (Raw Data Layer, Smart Data Layer 
and Smart Expert Layer) that enable data aggregation from raw data to information min- 
ing in the economic, environmental, and social sustainability dimensions. In addition, 
the model connects the data layers across the entire product lifecycle in terms of the 
circular economy. The IoS model represents a promising approach to data management 
in sustainability management and structuring along the circular economy, but it only 
refers to data aspects. With a view to a holistic management model, this aspect must be 
brought into line with other aspects of sustainability management [7] . 


Panagiotakopolous et al. — Viable System Model in Sustainability Management: 

The research links corporate sustainability to the Viable System Model (VSM). Specifi- 
cally, a model is proposed that enables the stepwise integration of sustainability aspects 
via the basic structure of the VSM. The VSM describes the interrelationships of the three 
main elements management, operations, and environment. This basic structure enables 
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the integration of sustainability aspects in an organization via three analysis steps respec- 
tively three different layers (Business Management Layer, Sustainability Management 
Layer and Sustainability Issue Layer). This approach helps to break down superordinate 
tasks at the normative and strategic level into specific subtasks at the operational level. 
However, due to an increasing number of models at the issue level, there is a risk of 
increasing complexity. Furthermore, some required and already mentioned aspects (in 
section Busch et al.) are not considered [8]. 


Lozano — Framework of Organizational Sustainability: The input-output model 
relates elements of corporate sustainability to one another. The model can be described 
in terms of five categories: inputs (e.g., material, human resources), system elements 
(e.g., Management, organizational systems, governance), internal and external stake- 
holders, outputs (e.g., products and services), and resource efficiency & effectiveness. 
The model represents an organizational framework that enables a holistic view of com- 
panies to locate fields of action of corporate sustainability on the normative and strategic 
management level. However, the entire level of operational management is not mapped, 
nor is the principle of circular economy [9]. 

This brief overview shows that none of the approaches offers a detailed product 
lifecycle-oriented sustainability management model that identifies the most important 
corporate components as well as their fields of action, synergies, and conflicting goals. 
Furthermore, there is a deficit in the transfer of normative and strategic into operational 
aspects and thus in the operationalization of sustainability through quantitative and quali- 
tative methods, instruments, and key figures. To satisfy this need for research, the model 
development not only relies on the positive aspects of the scientific publications, but 
also on the contents of existing and established approaches. These include ISO stan- 
dards (e.g. ISO 14001, 26000, etc.), management models (e.g. St. Gallen Management 
Model, Aachen Quality Management Model, etc.) and reporting standards (e.g. Global 
Reporting Initiative, etc.). 


3 Methodology for the Creation of the Design Model 


In this paper, the approach according to BOHM ET AL. is used for model building. 
This process consists of two successive abstraction stages. In the first abstraction step, 
a thought model of the real system is created and sketched. In a further abstraction 
step, this thought model is represented in a more detailed and tangible form with the 
help of language, figures, pictures, graphics, numbers, etc. [10] In addition, the concept 
Architecture of Integrated Information Systems (ARIS) according to SCHEER and the 
interpretation in the context of engineering modeling according to DE LANGE is used. 
With the help of the model theory and the five views of ARIS, the scientifically based 
structuring of the design model and the holistic derivation of individual design elements 
is ensured. The concept provides a simple and at the same time holistic structuring via 
the following five different views: [11, 12]. 


e Organizational view: Mapping of the organizational structure and units involved. 
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e Functional view: Operations or activities that transform inputs into outputs. Since 
certain goals are pursued via functions, they are also part of the function view. 

e Performance view: Input and output performances processed in the function view. 
They are the yardstick for the fulfillment of the functions. 

e Data view: Mapping of all relevant data such as environment data, input and output 
information, and their interrelationships. 

e Steering view: Defining relations between all views and enabling a holistic context 


The ARIS concept is moreover utilized in the following chapter to present individual 
design elements of the model in a structured manner. 


4 Design Model for the Sustainability Management 
of Manufacturing Companies 


At the beginning of this chapter, the overall design model is introduced in Fig. 1. It 
presents the relevant elements, fields of action and interrelationships of sustainabil- 
ity management in manufacturing companies in a holistic manner. Subsequently, the 
individual design elements of the model are presented following the ARIS logic. 
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Fig. 1. Corporate sustainability management model 


Design Elements of the Organizational View. The design elements of the organizational 
view represent the basis and thus the regulatory framework of the design model. In 
this context, the steering of a company is basically to be carried out via the design 
elements normative, strategic, and operative management. In operative management, 
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the core processes — product development, procurement, production, and distribution, 
as well as support processes — are primarily addressed. These processes are not only 
decisive for the value creation of a company, but also have significant influence on 
corporate sustainability. Product development, often classified as a support process in the 
literature, is however mapped as a core process in the sustainability management model, 
as it has a significant influence on many sustainability aspects of a product and many 
dependencies on the aforementioned processes. Besides the company’s internal design 
elements, the entire product life cycle must be considered in the sense of the circular 
economy. To this end, the design elements of material & energy, usage and recirculation 
are integrated into the design model. As a further design element of the organizational 
view, both internal stakeholders and external stakeholders who place requirements on 
the company are integrated. These are to be seen as the central element against which 
corporate sustainability is aligned and sustainability performance is measured. 


Design Elements of the Functional View. The requirements of the stakeholders are pro- 
cessed in normative and strategic management via their design elements of the functional 
view. In normative management the corporate mission statement must be established. 
Building on this, the sustainability strategy is to be developed in strategic management. 
These two design elements set the guard rails for operational management. The opera- 
tive management serves to operationalize sustainability. For this purpose, three design 
elements are deduced from the functional perspective. Operational sustainability goals 
are to be derived from the strategic goals. In this context, key figures must be developed. 
The purpose of key figures in general is to create transparency, but above all, to make 
decisions more objective by presenting complex issues in a way that is easy to under- 
stand, enabling the formulation of goals and strategies, and facilitating goal-oriented 
corporate management. This applies not only to general corporate issues, but also to the 
complex topic of sustainability. The goals must be addressed in operational management 
to managers and experts in the respective organizational areas and must be compared 
with existing goals to identify conflicts or synergies. Fields of action are to be identi- 
fied to pursue the defined sustainability goals. The fields of action are to be integrated 
into existing operational processes or extend them. Similar to the sustainability goals, 
conflicts with existing fields of action must be avoided and synergies created. Tools, as 
the third design element in operative management, serve to further operationalize sus- 
tainability, i.e., to concretize, measure and practically implement the corporate mission 
statement and the sustainability strategy. The operationalization is to be managed by 
quantitative and qualitative methods as well as key figures. 


Design Elements of the Performance View. Sustainability performance is to be under- 
stood as both the input and output performance of a company. Input and output vari- 
ables, as well as transformation processes, are to be planned and evaluated according to 
economic, ecological, and social aspects. The sustainability performance relates to the 
company resources (e.g. human, financial, intellectual and physical), to the upstream 
product life cycle phase material & energy as well as to the products and services pro- 
vided on the market in the usage phase. The design elements of the functional view 
define target values for the strived sustainability performance as well as procedures and 
tools for achieving these. 
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Design Elements of the Data View. Data management as a design element of the data 
view serves to provide data to optimally support the processes of sustainability manage- 
ment. The approach of BRIELE ET AL. addresses the use and integration of sustainability 
data to incorporate them into decision-making processes. In the design model, a distinc- 
tion is made between vertical data integration (including data collection, availability, 
storage, and provision) and horizontal data integration (data networking within and out- 
side the company). Against this background and the topic of data analytics, SCHMITT 
ET AL. understand sustainability analytics as a key element for achieving the goal of 
vertical and horizontal data integration. This includes data-driven methods and tools that 
transform raw data into information and knowledge on sustainability topics [13]. 


Design Elements of the Steering View. The design elements of the steering view address 
the linking of the individual organizational areas of a company. Interface management 
is viewed on the one hand between normative, strategic, and operational management. 
On the other hand, interface functions describe tasks and challenges that are to be solved 
through interaction between individual internal and external organizational areas as well 
as stakeholders. In this context, interfaces are to be understood as organizational points 
at which information, goods or financial resources are exchanged. The main challenges 
are the identification and optimization of interface functions as well as the systematic 
coordination of the cooperation between the business units. Communication is another 
design element of the steering view. Internal communication, especially to raise aware- 
ness of vulnerability within the company, as well as external communication to create 
transparency, credibility and a good reputation must be addressed. Furthermore, recircu- 
lations in the product life cycle are to be considered as design elements of steering view. 
These are aligned with the 6R’s of sustainability methodology. Each organizational area 
is supposed to reflect the 6R’s in the design of its goals and tasks, and thus develop 
solutions for sustaining the circular economy. The element Repair serves to maintain 
a product in its usage phase and extend this via service, maintenance, and repair con- 
cepts. Reuse involves returning used functional products back to the market through a 
company’s distribution channels. Remanufacturing involves refurbishing used defective 
products or components into as-new form and returning them to the market directly or 
as part of new products. Redesign is particularly aimed at sustainable product design for 
future product generations. However, redesign also concerns the sustainable redesign of 
processes, resource use and partnerships. Recycling enables the conversion of materials 
assigned to waste into new raw materials. Reduce aims at trimming down material and 
energy consumption to decrease the amount of natural and harmful resources as well as 
waste in the circular economy [14]. 


5 Evaluation 


In evaluating the design model, the expert interview method was used. Three experts — a 
managing director operations, a quality manager, and a production manager — from 
a globally operating and producing company group in the mechanical and plant 
engineering sector were selected to evaluate the model. 
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The first evaluation section assessed the relevance of corporate sustainability and 
the understanding of its complexity. To sum up, they confirm the challenges that were 
already made clear in the introduction. In detail, the experts see the challenge in the 
sustainable transformation of the corporate structures via existing processes and struc- 
tures, the management of sustainability via suitable processes, the definition and use of 
sustainability indicators, the inclusion of the entire value chain and product life cycle 
and the raising of awareness in the global workforce. 

In a second evaluation section, the model was assessed quantitatively and qualita- 
tively regarding solving these challenges. The quantitative evaluation is carried out using 
a ten-point scale for the five factors understandability, accuracy, completeness, appli- 
cability, and usefulness. The rating is mostly between 8 and 9, in rare cases 10 or 7. The 
qualitative evaluation of the factors also shows a good rating. In short, the experts assess 
the design model as a holistic management model that maps the relevant elements and 
interrelationships, enables the step-by-step and area-by-area integration of sustainability 
aspects, and can be harmonized with existing structures. As optimization possibilities, 
the concretization of sub-models and the elaboration of a procedure for transferring the 
abstract model into concrete processes are mentioned. 


6 Conclusion and Outlook 


This paper presents a design model for managing the sustainability of manufacturing 
companies. A literature review identifies the key requirements for the sustainability 
management and confirms the need for a management model to address and resolve 
the complexity of corporate sustainability. A two-step process of model building was 
applied, which additionally considers the concept of Architecture of Integrated Informa- 
tion Systems (ARIS). Design elements of the organizational, functional, performance, 
data, and steering view are developed as well as summarized and structured in a design 
model. This model holistically maps the relevant elements, fields of action and inter- 
relationships of sustainability management in manufacturing companies. Moreover, it 
enables the integration of sub-models for further concretizing or operationalizing cor- 
porate sustainability. An initial practical and application-oriented model evaluation by 
experts from a globally operating and manufacturing company provides indications that 
the model is well suited for the integration of sustainability aspects and the establishment 
of a sustainability management system. In summary, the design model thus contributes to 
answering the research question by enabling the management of corporate sustainability 
via a top-down approach. 

However, in future research, the model must be further developed. The design ele- 
ments such as product development or production must be concretized by sub-models, 
which in turn can be integrated into the design model. In this context, practice-oriented 
solutions are to be elaborated that flesh out selected design elements in detail. In this 
way, the design model could be completed step by step. For the application of the model 
in practice, a procedure or a guideline must be developed. There is a further need for 
research in the validation of the design model. For this purpose, the application of the 
model through case studies in manufacturing companies is suitable. In these case studies, 
the design model could be applied as an aid for a gap analysis for the topic of corporate 
sustainability. 
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Abstract. Political, technological and economic changes force manufacturing 
companies to shift their strategic alignment towards green and digitized tech- 
nologies. The parallel advances in those technologies raise questions regarding 
economic, environmental and social sustainability issues that are challenging to 
integrate into corporate strategy. Recently, sustainable energy supply has gained 
additional attention as a critical resource for production. Digital transformation is 
a diverse intracompany process and requires adequate strategies. Maturity mod- 
els are a well-known and established approach to define strategic improvement 
measures. Various versions of separate maturity models to either examine the cur- 
rent state of digitization or sustainability have been developed and there are few 
models to support both dimensions adequately. Therefore, the authors propose a 
strategy development process, which utilizes a combined maturity model for both 
domains in one framework. A review on sustainability-related maturity models 
as well as the connection to digitization aspects is conducted. Based on this, an 
existing model is extended. The model is tested in a case study to compare the 
impact of the models’ adaptions. 


Keywords: Digitization - Sustainability > Maturity Model 


1 Introduction 


Digital transformation and the related broader concept of digitization are seen as a current 
necessity for small and medium sized enterprises (SMEs) to stay competitive. Besides 
the purely economic necessity of the digital transformation of SMEs, it is reasonable 
to assume that digitization will help reduce the negative environmental impact of busi- 
ness activity. Contrarily, digitization plays an ambivalent role in this field of tension 
since it allows products to be manufactured more (resource-)efficient, but using digital 
technologies is also associated with a considerable input of resources. 

According to Chen et al., the effects of digitization on sustainability in the corporate 
context can be traced back to two areas. The first is the impact of digital technologies 
on the life cycle of the manufactured product and the second is the life cycle impact of 
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the hardware used for digitization [1]. Their research conducts that a positive effect of 
digitization on environmental sustainability is assumed or established in most publica- 
tions. However, the authors also report that it has been challenging to find publications 
that present both positive and negative impacts of digitization on sustainability. 

In a review of six companies in the logistics industry, Kayikci found that the efforts 
of the companies studied with regard to their digital transformations were mainly aimed 
at improving economic sustainability and the influence on environmental and social 
sustainability was rather low [2]. Brozzi et al. can confirm this assessment in a study 
of Italian SMEs. At present, most companies in the manufacturing sector do not see 
digitization primarily as a tool for improving economic and social sustainability [3]. 

Hence, manufacturing industry, especially in Germany with a predominant share of 
SMEs, requires support and guidance to handle these new challenges. To cope with these 
requirements, we propose the extension of an extensively tested strategy development 
process that engages a maturity model for digitization in its center and we extend it 
for sustainability considerations. The objective of the model is to provide more options 
in strategy development processes that incorporate sustainability in terms of social, 
economic and ecological aspects. 


2 Maturity Models for Corporate Strategy Development 


2.1 Maturity Models for Digitization and Sustainability 


Maturity models can be used as a tool for assessing organizational capabilities in a 
specific domain [4]. They can be applied to assess the current position of a company 
and aid companies in their continuous improvement by showing expected, desirable or 
characteristic development patterns of certain objects or processes within a company 
[5]. Due to their structure, a prioritization of improvements is simple. 

Basic and well-established models for the elaboration of a current digitization sta- 
tus and appropriate improvement measures exist in many versions. Examples are the 
web-based Industry 4.0 Readiness Model [6] and the scientifically grounded model by 
Schumacher et al. [7]. Either of them serves as a static document with qualitative descrip- 
tion of different digitization levels. Mittal et al. give a comprehensive review on maturity 
models for Industry 4.0 and their implication on SMEs [8]. 

Furthermore, a range of sustainability-oriented maturity models with different scopes 
have been established. Baumgartner and Ebner [9] examine specific aspects of corpo- 
rate sustainability strategies. They identify different types of strategies and a maturity 
model helps them to characterize each strategy within the sustainability dimensions more 
precisely. They derive different sustainability aspects from international standards and 
guidelines as well as academic literature and focus on economic, environmental and 
social dimensions to frame the aspects of corporate sustainability. 

Golinska and Kiibler [10] propose a framework for the sustainability assessment of 
SMEs of the remanufacturing sector. The maturity model is based on ISO/IEC 15504 
Information technology - Process assessment [11]. Itis embedded within a questionnaire 
and also utilizes the three dimensions of sustainability. The questions serve as description 
of the maturity levels and each level requires the former level to be fulfilled. 
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Miiller and Pfleger [12] contribute a maturity and decision model as a support tool 
for sustainable corporate decisions. They provide improvement strategies by consid- 
ering corporate activities, the sustainability dimensions and their respective maturity 
level (Sustainability Maturity Cube). The model itself is a blueprint that enables the 
development of specific maturity models. Hence, a set of levels and their respective 
characteristics are not provided. 

Other sustainability maturity models set a more specific application focus. Pigosso 
et al. [13] and Hynds et al. [14] developed maturity models exclusively for product 
development. Cagnin et al. [15] provide a maturity model to support companies move 
towards sustainable development. The 35 introduced levels extend the three main pillars 
by spatial and institutional-political sustainability. Reefke et al. [16] focus on decision- 
making stages of sustainable supply chain management and propose specific maturity 
model with corresponding goals and requirements to implement a sustainable supply 
chain strategy. 

In conclusion, many of the introduced models embed the three pillars of sustainability 
to define dimensions and maturity levels. The development of the dimensions, categories 
and levels is mainly motivated by existing standards and academic literature. In addition, 
empirical studies are conducted to identify relevant evaluation categories. These findings 
implicate that the three pillars of sustainability are a well-known and widely applied 
approach for maturity models. 


3 Extending the Existing Maturity Model and Analysis Process 


3.1 Methodical Approach of the Existing Potential Analysis 


The already developed procedure to identify and enhance digitization potentials consists 
of the following three major steps as shown in Fig. 1, which are elaborated in [17] and 
[18]. Step 2 is designed as a workshop-oriented analysis of the self-assessment and 
the internal processes according to the maturity models TOP-dimensions Technology 
including the product and process view, Organization and Personnel with its 120 levels 
in total to describe the state of digitization. The dimension of Energy has been included 
to examine the awareness of energetic aspects in companies. 


Organization Energy — Wna 


Technology Personnel 


Fig. 1. Current workflow scheme of potential analysis 


Based on Finnerty et al. [19], Benedetti et al. [20] and catalogues of measures by [21] 
and [22], 25 additional levels were identified and structured in the following categories: 
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Record, processing and analysis of energy data, 

Measurement tools, 

Load management and peak loads, 

Activities for participation and fostering of energy awareness among employees, 
Energy supply systems of a company. 


The elaborated gaps between actual and target state of digitization are a mean to 
generate ideas on how to define project concepts. This includes the use of the St. Gallen 
Business Model Navigator [23] in step 3. Therein, we adapted the dimensions towards 
the description of digitization strategies as follows: 


e Who are the stakeholders of the digitization solution (e.g., involved personnel)? 
e What is the value for the stakeholders (e.g., a new digital assistance system)? 

e How is the project realized (e.g., what is necessary to implement the solution)? 
e What is the created value for the stakeholders (e.g., ergonomic improvements)? 


By applying these questions to the generated ideas, a conceptual roadmap for the 
realization of each idea is established that serves as a future project concept. The existing 
potential analysis procedure does not incorporate sustainability aspects and will therefore 
be extended by this aspect subsequently. Since it is designed for evaluating manufac- 
turing companies and not to support strategy development for e.g., supply chains or 
service providers, sources of these domains will be excluded in the next steps of model 
development. 


3.2 Extensions Towards Sustainability-Related Aspects 


In Sect. 2 identified maturity models serve as a source of dimensions and respective 
categories for our model extension. The models incorporate the pillars of sustainability, 
which are underpinned with specific categories, e.g., social sustainability addresses the 
health and safety of workers. In order to cover the effects more comprehensively, we 
extended the review of maturity models by reviews and case studies with focus on 
digitization and sustainability. 

Exemplarily, Chen et al. [1] give an extensive insight into the tension field of digitiza- 
tion and environmental sustainability in manufacturing. They discussed the implications 
of digitization on the Triple Bottom Line. Beltrami et al. [24] performed a review on 
Industry 4.0 technologies and their effect on environmental, social and economic perfor- 
mance. Stock et al. [25] elaborate the potential for sustainable value creation in Industry 
4.0 the literature review and expert interviews. Sartal et al. [26] examine the influence of 
Industry 4.0 on sustainable manufacturing. They describe the evolution of sustainable 
manufacturing over time and applied tools (e.g., Life Cycle Assessment), standards and 
metrics (e.g., IS014001) and concepts (e.g., Triple Bottom Line). They include Industry 
4.0 technologies (e.g., Simulation systems) and their main benefits towards sustainable 
manufacturing and pointed out other relevant frameworks within this area. One of these 
frameworks is authored by Trianni et al. [27] who empirically elaborated a wide range 
of Triple Bottom Line indicators among 26 SME across Germany and Italy in various 
sectors. In sum, 18 indicators across the three dimensions were identified with the result 
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that the majority only focus on the economic pillar of sustainability while the social and 
environmental are only addressed for compliance reasons. 

The focus in both, reviews and maturity models are on the three pillars of sustain- 
ability, respectively the Triple Bottom Line concept as a variation of this approach [28]. 
Also, the categories within the dimensions address similar topics. Hence, we utilize 
these intersections to extend our model by the main categories of the conducted review 
in Sect. 2 and 3. In the following Table | we give an overview on the intersecting (and 


renamed) categories that are used to extend our model. 


Table 1. Overview on the identified generic categories 


No | Economic sustainability Environmental sustainability | Social sustainability [SO] 
[EC] [EN] 

1 Resource consumption and | Emissions into air, land, Healthcare and safety [9, 
recycling[9, 26, 27] water [1, 9, 10, 24-27] 10, 25-27] 

2 Process integration and Dangerous inputs and Ethical behavior and 
productivity [9, 10, 24, 26, | wastes [1, 9, 10, 12, 24-27] | human rights [9, 12, 24] 
27] 

3 Product cost and quality Waste management and Human capital 
[10, 24, 26, 27] recycling [26, 27] development [9, 27] 

4 Economic growth and Energy and resource Ergonomic and safe work 
revenue [9, 12, 24-26] consumption [1, 10, 12, 24, | conditions [10, 12, 24-27] 

25] 

5 Product and process Safety of workers and Corporate responsibility [9, 

innovation [9, 10, 26, 27] environment [9, 12, 26, 27] |10, 12, 25, 27] 


With respect to similar categories within the three dimensions, a distinction based 
on the definitions by Chen et al. is used to clarify the scopes of each dimension. For the 
detailed definitions, please refer to [1]. 


3.3 Implications on Potential Analysis Process 


Based on our assumptions, we extended the potential analysis by energetic and sus- 
tainability considerations. More specifically, an energetic perspective extends the matu- 
rity model for analysis and self-assessment and the extracted sustainability dimensions 
extend the workflow of value analysis of project concepts. The final process is struc- 
tured as presented in Fig. 2. To evaluate the method, it was applied on a project concept 
of a workshop. The investigated company produces brake lines for several automotive 
companies and supplies them by just-in-time principle. The process is characterized by 
bending, joining, heating and assembly processes, the facilities have a low level of dig- 
ital surveillance and assistance systems. The work of the labor is mainly manual with 
a lot of paper-based documentation regarding process parameters, quality results and 
order tracking. For the company it is crucial to ensure supply reliability and therefore 
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the production itself is heavily reliant on the process quality to reach this goal. Thus, the 
reduction of quality losses is a main concern. 


Organization Energy 


=æ- = = =; aF 
. 5 


Technology Personnel 


Fig. 2. Updated workflow scheme with energetic and sustainability consideration 


We therefore developed a concept for an eddy-current testing with automatic result 
feedback loops in a critical joining process according to our version of the St. Gallen busi- 
ness model triangle. The initial “Value’-dimension focused on economic targets, e.g., 
decreased production planning cycles. An extension towards economic sustainability 
aspects may be cost savings in material purchase as well as less recycling costs [EC1] 
and better process integration into the workflow of the workers [EC2]. By correlating 
process parameters with quality states, a quality improvement can be assumed [EC3] 
as well as new opportunities for further data-driven process improvement are possible 
[EC5]. Hence, the initially identified cost reduction [EC4] also fosters revenue by less 
scrap and recycling costs [EC5]. Environmental sustainability is improved regarding 
less usage of resources and less energy consumption when stable production output is 
assumed [EN4]. Additionally, emissions are reduced within the production processes 
whereas additional emissions by the installation of the new sensor system and software 
can be assumed as comparably low [EN1]. Dangerous inputs and wastes [EN2] are a 
minor concern and therefore not contemplated in detail. Waste management benefits 
from less scrap materials [EN3] and the process adaptions do not foster major health 
risks for workers or environmental risks [EN5]. Social sustainability is enhanced in 
terms of better working conditions due to less secondary processes, e.g., documentation 
[SC4]. Workers are supported by a digital solution, which also requires labor training and 
therefore improvement of skill sets [SC3]. Furthermore, it is important to also ensure an 
ethical usage of the digital solution, e.g., by avoiding employee tracking [SC2]. Exter- 
nal effects of [SC1] and [SCS] are less relevant for the use case. The analysis of the 
dimension Energy revealed a high level of energetic maturity, established by retrofitted 
machines but not used further, that is contrary to the levels of digitization across TOP- 
dimensions. Energy-intensive processes were controlled by organizational measures in 
terms of energy efficiency. The further digitization of the contiguous processes offers 
more options for data-driven measure application in various production areas. 
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4 Conclusion 


The implications of digitization on sustainability gain increasing attention in academic 
literature, the estimation of positive and negative effects remains difficult and case spe- 
cific. The prevailing view is that sustainability can be affected positively and adequate 
assessment methods need to be provided for companies. Thus, we proposed an extension 
of an existing and in many workshops approved potential analysis workflow for digi- 
tization by aspects of economic, environmental and social sustainability. We extended 
the component of business model evaluation in the workflow by sustainability consid- 
erations and evaluated the adapted workflow with a case study. The extension helped to 
clearly determine boundary conditions within the evaluation process. 

Next steps can be the modular extension of the maturity model itself by sustainability 
domains. Also, concrete use cases with detailed descriptions of technologies, transfor- 
mation processes and the evaluation of influences between sustainability and digitization 
would be helpful for practitioners. In addition, more use cases with environmental and 
social focus may be identified and scrutineered in the future. 
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Abstract. The ability of manufacturing small and medium-sized enterprises 
(SMEs) to adopt sustainability is predicated on several criteria, including pur- 
chasing and developing specialized resources. SMEs in emerging economies have 
great potential, and in terms of intensifying business performance, it is important 
to focus on strategic orientation. The influence of four strategic orientations on 
firm performance is examined in this study. The role of learning, entrepreneurial, 
technological, and environmental orientations within proactive strategic orienta- 
tions in the manufacturing sector have been investigated. This study uses a survey 
questionnaire to collect data from four hundred and sixty-five sub-Saharan African 
manufacturing SMEs. The proactive strategic orientations were advantageous for 
organizational innovation (OI) and sustainable performance (SP); Ol improves SP, 
and SP catalyzes OI, based on the Pearson correlation coefficient. This research 
provides information that may be utilized to advance conceptual and practical 
debates on manufacturing SMEs to be innovative and improve their sustainability 
performance to contribute to society, the environment, and the economy. 


Keywords: Manufacturing SMEs - Strategic orientations - Proactiveness 


1 Introduction 


In the industrial sector, concerns regarding sustainability are more prevalent than ever. 
Manufacturers must pay increasing attention to resource use, waste management, water 
pollution, employee welfare, and other issues as they face increased product demand. 
If these sustainability issues are not addressed, the company’s reputation will suffer, 
and its performance will suffer as well. The concept of business sustainability is based 
on the idea of long-term growth. This is defined as “development that meets current 
demands without risking future generations’ ability to meet their own needs.” [1]. The 
present study offers a broad view, arguing that manufacturing SME performance is 
impacted more by the creation of a specific unique approach towards implementing 
proactive strategic orientations than just by the application of a particular sustainable 
manufacturing technique. As such, innovation and sustainable performance in SMEs in 
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developing economies are required to promote resource use, improved products, and 
unprecedented industrialization. 

As a result, the article investigates the effect of four dimensions of strategic orienta- 
tion that underpins organizational success, i.e., the dimensions through which sustainable 
manufacturing manifests, and assesses their impact on SME’s performance [2]. Second, 
this article proposes many causal reasons for the link between strategic orientations in 
manufacturing SMEs and implementation, implying that the strategic orientation func- 
tions play an important role in the company’s strategic planning process and, in general, 
should be strengthened. Thus, a questionnaire was used to collect data from SMEs within 
Western Africa, Eastern Africa, and Southern African (South Africa) manufacturing 
sector as part of the research project “The development of a sustainable manufacturing 
implementation model for small and medium-sized enterprises.” This paper’s findings 
can be utilized as a guideline to encourage the systematic deployment of Proactive Strate- 
gic Orientation (PSO) in manufacturing SMEs; in particular, 1) learning orientation; 2) 
entrepreneurial orientation; 3) technology orientation; and 4) environmental orienta- 
tion to increase organizational innovation and sustainable performance in developing 
countries. 


2 Theoretical Background 


Accordingly, proactivity substantially influences the innovation process, the “willing- 
ness to act and make a competitor response” [3]. In manufacturing, a proactive strategy 
improves cost advantage and competitiveness by creating and acquiring new competen- 
cies [4]. Innovation is associated with creating a new product, service, or even a method 
that differs from the current. In contrast, innovation readiness, or innovativeness, is 
defined as the propensity to innovate. Also, meeting Sustainable Performance (SP) is 
crucial to fostering employee success while providing discretion in decision-making and 
distributing knowledge that can aid in the alignment of the company’s financial, environ- 
mental, and social objectives in achieving its primary business objectives [5]. Research 
[6-8] suggests that monitoring the trends and indicators of sustainable performance is 
critical to measuring progress. Integrating new efforts and aligning them with corporate 
goals is vital while the number of studies on PSO is steadily rising. The present research 
aims to understand better the interaction between entrepreneurial orientation, learning 
orientation, technological orientation, and environmental orientation in manufacturing 
SMEs. 

Entrepreneurial Orientation (EO) is an essential notion to consider when discussing 
business strategies. EO is a critical aspect that assists an organization in discovering 
new market possibilities [9, 10]. It is argued that a business that uses EO is more likely 
to identify new market possibilities [11, 12] and manage new obstacles such as an 
unpredictable environment and competition [13]. Learning orientation (LO) is a funda- 
mental attitude toward learning, i.e., organizational and management traits that enhance 
the corporate learning process [14]. In this context, LO is defined as a company’s val- 
ues that impact the company’s propensity to produce and use knowledge for business 
development [14], which is a significant predictor of SMEs Performance [15]. Recently, 
Technology Orientation (TO) has received much attention for supporting innovation 
[16-18]. 
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Gatignon and Xuereb investigated the effect of TO in boosting the success of new 
product creation. They concluded that organizations with a strong TO are more likely 
to create new products and processes [19]. However, the direct link between TO and 
company performance has received less attention in the literature [20], and the relation- 
ships between these two variables remain equivocal. Environmental Orientation (EVO) 
denotes the strategic choice to include environmental goals into a firm’s tactical, oper- 
ational, and inventive actions to meet internal values while also responding to external 
market constraints [21-25]. EVO depend on selection, monitoring, and collaboration 
criteria to bolster firm performance. Moreover, research concerning the effects of envi- 
ronmental orientations on the likelihood that SMEs introduce a product or process inno- 
vations is trending [12]. This research offers a conceptual model illustrated in Fig. 1 for 
manufacturing SMEs as a result of analyzing the impact of proactive strategic orienta- 
tion on SME performance. Thus, the model examines the relationship between learning 
orientation, entrepreneurial orientation, technology orientation, and environmental ori- 
entation as elements of the variable proactive strategic orientations on the variable SME 
performance by measuring sustainable performance and organizational innovativeness. 


| | 
| | 
| | 
| | 
E] 
| Performance | 
= | 
| — | 
| | Organizational | | 
| | 
| | 
| | 
| | 
4 


Learning Orientation 
(LO) 


Environmental 
Orientation (EVO) 


Entrepreneurial 


Orientation (EO) Innovation 


Technology 
Orientation (TO) 


Fig. 1. Conceptual model of the implication of PSO on SME performance 


3 Materials and Methods 


This section describes the study and techniques, operationalized constructs, target 
groups, and data collection instruments. 


3.1 Description of Variables and Questionnaire Development 


The purpose of this study was to see how four independent factors affected the dependent 
variable, which was business performance. The independent variable in this article was 
proactive strategic orientation, which was based on the work of [26-28], and resulted in 
a set of indicators for 1) learning orientation 2), entrepreneurial orientation 3), techno- 
logical orientation 4), and environmental orientation. Though the present study focuses 
on these four dimensions as a key component of proactive strategic orientation, our dis- 
cussion may differ because we debated each dimension separately in each situation. Two 
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follow-up questions were used to assess the dependent variable business performance: 
1) whether the implemented orientations aided in improving sustainable practices (to 
measure sustainable performance, (SP) and 2) if it enhanced the organization’s ability to 
deploy additional forms of innovation (to measure organizational innovativeness, OI). 
These inquiries were developed in response to theoretical concerns, and they were only 
asked if PSO had previously been implemented. 

On a seven-point scale, the independent and dependent factors describing the SME 
performance were rated from | (not utilized) to 7 (completely implemented). Questions, 
which indicated the contribution to corporate duties, were scored on the scale ranging 
from one (strongly disagree) to seven (strongly agree). On an interval scale, variables 
capable of measuring follow-up parameters were derived and quantitatively examined. 
Intellectuals and professionals familiar with the research topic reviewed the planned sur- 
vey questionnaires, and some were changed based on expert suggestions. This research 
focuses on the impact of proactive strategic orientations on sustainable performance 
and organizational innovation in manufacturing SMEs, allowing for separation between 
organizations that have done well based on the adoption of specific reputation ratings 
and innovations to bolster business performance. The survey also helps us determine the 
extent to which sustainable performance and innovation have been adopted (from not 
being adopted at all to being applied throughout the company). 


3.2 Sample and Data Collection 


The questionnaire was addressed to commercially involved manufacturing SMEs in 
Nigeria, Ghana, Kenya, Ethiopia, Uganda, Botswana, Zimbabwe, and South Africa. 
This paper is based on the European Commission Recommendation 2003/361 on the 
definition of micro, small, and medium-sized companies (SMEs), which employs the 
staff headcount criterion to identify businesses with fewer than 250 employees. The 
simple random method was utilized, which allowed us to acquire a significant number of 
responses and data from over 400 firms. To exclude responders that were not structurally 
developed or unable to adequately describe their corporate obligations and innovation 
processes, must have been at minimum three years old. The group contacted 1,842 
manufacturing SMEs and completed 472 interviews with top managers, with seven 
surveys being deleted owing to missing data of more than 25%. As a result, the final 
sample totaled 465. From August 2020 to January 2021, a response rate of 25.24% 
was recorded. In terms of the industry type, wood manufacturing (e.g., manufacturing of 
wood and wood products, pulp and paper and paper products), basic metal manufacturing 
(e.g., metal and fabricated metal products), and other manufacturing enterprises account 
for 32.87%, 34.40%, and 32.73%, respectively (e.g., non-metallic mineral products, 
rubber and plastic products, and textile and textile products). The authors investigate 
significant links between the research variables in the proposed research model using 
one-way ANOVA and Pearson Correlation. 


4 Results 


Following the study’s descriptive statistics, entrepreneurial orientation is the most widely 
used form of proactive strategic orientation (PSO) in manufacturing SMEs (mean score: 
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5.79), followed by environmental orientation (mean score: 5.31), technology orien- 
tation (mean score: 4.85), and learning orientation (mean score: 3.89), according to 
senior managers. More than half of the businesses questioned (61.3%) had not imple- 
mented a learning strategy. 11.5% had it implemented across the board, 34.7% had not 
implemented environmental orientation, 17.6% had it fully implemented, and 19.5% 
had not implemented entrepreneurial orientation. 21.4% had completely implemented 
it, whereas 33.7% had not, compared to 19.4% who had implemented the technology 
orientation. Several factors affected PSO’s implementation. 

The first factor is the number of employees: the greater an organization’s workforce, 
the more likely it is to adopt PSO. For example, 71.4% of micro-firms had not imple- 
mented learning orientation, compared to 53.9% of small and 41.4% of medium-sized 
companies; 46.2% of micro-companies had not implemented environmental orientation, 
particularly compared to 19.9% of small and 21.4% of medium-sized companies; and 
44.8% had not implemented technology orientation, compared to 31.9% of small and 
29.3% of medium-sized enterprises. Learning orientation (F (2,395) = 22.357, p = .000), 
environmental orientation (F (2,885) = 10.720, p = .004), and technology orientation 
(F (2,995) = 21.800, p = .001) were all statistically significant, with the exception of 
entrepreneurial orientation, as determined by one-way ANOVA. Second, PSO adoption 
was tied to annual turnover, much like the number of personnel. Learning orientation (F 
(8,885) = 11.558, p = .010), environmental orientation (F (8,387) = 4.679, p = .001), 
entrepreneurial (F (7,395) = 2.226, p = .010), and technology orientation (F (7,495) = 
8.120, p = .000) were all statistically significant. Third, the one-way ANOVA revealed 
a Statistically significant difference in entrepreneurial (F (3,795) = 4.150, p = .070) and 
technology orientation (F (4,985) = 4.927, p = .001), based on the type of business. 
Fourth, the study discovered regional differences in the likelihood of manufacturing 
SMEs employing PSOs. When considering the regions or countries of large economies, 
one-way ANOVA revealed a statistically significant difference between groups for learn- 
ing orientation (F (3,295) = 3.345, p = .041) and environmental orientation (F (3,785) 
= 3.715, p = .011). In contrast, when considering smaller economic countries, one- 
way ANOVA revealed a statistically significant difference between groups for learning 
orientation (F (5,095) = 3.074, p = .021). 

Furthermore, when it came to the influence of strategic orientations on sustainable 
performance and organizational innovation, top managers from the companies imple- 
menting PSO agreed that it had helped them become more dynamic and accountable for 
corporate sustainability. More than half of senior managers (57.6%) said that implement- 
ing PSO helped them increase SP; 19.6% gave this statement a five or higher rating, while 
17.11% gave it a three or lower rating. Similarly, 68.5% of top executives acknowledged 
that the organization’s ability to implement OI and other innovations, such as newer 
products, services, or marketing strategies; 41.2% gave it a five or higher rating, while 
11.7% gave it a three or lower rating. 

The impact on SP was rated as 5.14 for organizations which had implemented at least 
one type of PSO to an average (above 5), 5.61 for those who had implemented two forms 
of PSO, and 5.44 for those who had implemented three or four types of PSO. Similarly, 
firms that had not implemented any PSO evaluated the effect on OI on aggregate at 
4.34, for those who had deployed one type of PSO, 4.38 for those who had deployed 
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two forms of PSO, and 5.80 and 5.20 for those who had deployed three or four kinds 
of PSO, respectively. The Pearson correlation for the overall PSO index between SP 
and OI was 0.494, and 0.425. Table 1 illustrates the Pearson correlation coefficients for 
each category, based on only those businesses that had adopted a certain type of PSO. 
Environmental orientation was the most successful form of PSO in terms of SP (Pearson 
correlation 0.484) and OI (Pearson correlation 0.402), technology orientation (Pearson 
correlation 0.417 for SP and 0.391 for OI). Firms who considered PSO advantageous 
towards meeting SP also saw it as beneficial for OI (Pearson correlation 0.776, for 
medium-sized business 0.780). This confirms that PSO is beneficial for manufacturing 
SMEs since organizational innovativeness (OI) improves sustainable performance (SP), 
and SP catalyses OI. 


Table 1. Correlation matrix for sustainable performance and organizational innovation 


Sustainable performance (SP) Organizational innovation (OI) 
Overall PSO Index 0.494 0.425 
LO 0.314 0.298 
EVO 0.484 0.402 
EO 0.288 0.341 
TO 0.417 0.391 


5 Discussion 


When it comes to PSO implementation, senior management reports suggest that 
entrepreneurial orientation is the most widely used form of PSO in manufacturing SMEs 
in Sub-Saharan Africa, followed by environmental and technological orientations, while 
learning orientation is the least commonly used. 11.8% of the enterprises polled had not 
adopted any type of PSO, while 38.4% had partly implemented all strategic forms of 
PSO. At the same time, 28.8% of businesses had not implemented any PSO, 35.9% had 
implemented one type of PSO, 21.8% had implemented two, and 19.2% had executed 
more than two types of PSO. As a result, a variety of factors impacted the implementa- 
tion of PSO. The more employees a company had, the more likely they were to adopt 
PSO (as reported in literature [29, 30]). The bigger the yearly turnover, the more prob- 
able PSO will be implemented, given accessible resources for new initiatives [31, 32]. 
Larger companies were more likely to innovate and contribute to corporate sustainabil- 
ity, mainly via learning and environmental orientation. This might be explained by the 
more diversified environment and more fierce competition in larger economies, which 
forces businesses to differentiate themselves more. 
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6 Conclusions and Research Prospects 


The findings imply that proactive strategic orientation can influence organizational inno- 
vation and sustainable performance. Small businesses are more innovative than medium- 
sized enterprises, which are more innovative than microbusinesses. In addition, com- 
panies with a higher turnover are more innovative. Metal manufacturing businesses 
are more likely to include environmental orientation, wood manufacturing firms are 
more likely to incorporate entrepreneurialism, and ‘other’ manufacturing firms are less 
likely to innovate but eager to promote corporate responsibility. Furthermore, the proac- 
tive strategies identified in the study [33] were shown to be advantageous to enterprise 
innovation and sustainable performance; the more an organization uses organizational 
innovation, the more beneficial it is to that firm. The findings of the study imply that 
manufacturing SMEs, owners, or managers create and promote an organizational culture 
that encourages varied PSOs, resulting in higher dedication to the business and society 
and better opportunities for innovation. According to the study, manufacturing SMEs’ 
owners and managers should involve members of their organizations in relatively new 
strategy development, resulting in a common understanding of the organization’s vision 
and objectives as well as capturing fairly long-term innovation and development ideas 
that improve corporate performance. 
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Abstract. Industrial value creation today is characterised in many sectors by 
globally distributed processes for product manufacturing based on the division 
of labour in order to achieve advantages through specialisation, scale and loca- 
tion. However, the economic advantages of this form of value creation are being 
increasingly diminished by the current ecological and social challenges. Local 
manufacturing has the potential to be a piece of the puzzle in the complex transfor- 
mation process towards a sustainable circular economy. However, suitable frame- 
work conditions are needed for the successful implementation of economically, 
ecologically and socially sustainable forms of local value creation. To be able to 
develop these in a targeted manner, knowledge regarding the areas influenceable 
by societal functional systems (e.g. politics, economy, production) and how they 
may affect the design dimensions of local manufacturing is necessary. A systems 
theory-based analysis is used to consider the influence of the operations of soci- 
etal subsystems on local manufacturing, to identify decision spaces and to evaluate 
overarching couplings between the societal system operations. 


Keywords: Local manufacturing - Collaborative value creation - Sustainable 
manufacturing - Circular economy - System theory 


1 Introduction 


The utilisation of the principles of a circular economy (CE) is ultimately indispens- 
able to meet the ecological and social challenges of our time (reduction of greenhouse 
gases, preservation of biodiversity, protection of remaining natural land areas) [1]. Local 
Manufacturing offers considerable potential to promote the necessary transformation 
towards a sustainable circular economy, as it contributes to the reduction of value cre- 
ation cycles (e.g. avoiding overproduction, reducing transport, involving regional stake- 
holders) [2-4]. Modern production technologies (e.g. additive manufacturing, mobile 
production units) and the digitalisation of the product creation process promote manu- 
facturing for varying scales that adapt to local conditions and needs [2, 5—7]. The goal 
is to produce locally adapted products at the point of need for the current demand by 
involving regional stakeholders (local producers, knowledge carriers and customers) and 
resources (recyclable components and materials, materials from local recycling loops) 
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[2, 8]. The current trends of sustainability, individualisation and digitalisation funda- 
mentally improve the potential for the development of local manufacturing. However, 
the economically successful implementation of competitive business models for patterns 
of local value creation is not yet foreseeable. The question arises as to which conditions 
must exist to facilitate the emergence of local value creation patterns and which societal 
systems (politics, economy, consumption, production, etc.) have an influence on shaping 
these areas. 


2 Current Status and Objective of Research 


Within the context of our research [4], the systematics of local manufacturing are inves- 
tigated to achieve a more in-depth understanding of its internal functionality and to 
be able to derive recommendations for action in various areas of society. The basis is 
a sensitivity analysis according to Vester [9]. Based on a systematic analysis of texts 
dealing with the concepts of Distributed Manufacturing, Urban Manufacturing and Re- 
Distributed Manufacturing, various factors influencing local manufacturing were found 
[10]. Furthermore, five main attributes of local manufacturing were identified, which 
were assigned to three dimensions (location, resources, demands) (see Table 1). 


Table 1. Dimensions and main attributes of local manufacturing 


Dimension of (A) Local produc- (B) Utilisation of local re- (C) Addressing of local demands 
LM tion of goods sources 


Mai ib oO Production at the | O Use of local (raw) materials |o On demand production 
pois ues place of need o Implementation of production | 0 Production of individualized / 
o by local stakeholders locally adapted products 


In a next step, the causal interrelations between the identified factors influencing 
the dimensions of local manufacturing were modelled, thus building a causal network. 
Subsequently the main chains of influence and ultimately key factors affecting local 
manufacturing were derived. The strength of the influences in regard to their short-term, 
medium-term and long-term effects was differentiated [4]. 


3 Approach for the Determination of Action Areas 


Systems theory is a suitable approach for assigning the central influencing factors of local 
manufacturing to societal sub-areas. According to LUHMANN, asystem defines itself by 
constantly distinguishing itself from its environment [11]. The overall system of modern 
society is differentiated into functional subsystems (e.g. politics, economy) in order to 
reduce complexity. Problems that arise can be dealt with in these functional systems 
[12]. Systems operate autopoietically, i.e. self-referentially, meaning they permanently 
reproduce themselves and their own structures [11] and can only operate within these 
self-(re-)produced structures (according to their own logic) [13]. 
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At the same time, however, systems are in a reciprocal exchange and permanent 
development cycles with their environment through structural couplings [11, 13]. 

A system is thus adapted to its environment, but can also cause its environment [13]. 
The functional systems can only operate according to their own logic due to autopoiesis, 
i.e., the economic system, e.g., can only react economically to political or legal issues 
[12]. Operations of different functional systems can contradict each other (“operative 
difference”) [12]. Table 2 shows the six societal functional systems that will be considered 
in this paper including a short explanation of each one. These systems partly refer to 
Luhmann’s sociologically influenced explanations, but have been extended according to 
his logic in order to be able to represent the special case of local manufacturing. 

According to Luhmann’s System Theory the systems Politics and Law depend on 
different logics, as shown in Table 2. Nevertheless, there was a large overlap to be found 
in their influence on the factors of this specific case of local manufacturing. Therefore, 
they are merged into the system Politics/Law for the rest of this paper. 


Table 2. Overview of the considered societal functional systems 


Description of System 


Politics The system Politics operates through legislation and political decision-making processes. Its 
operations are based on programmes that legitimise the attribution of power (e.g. elections, 
status). The results of the system are e.g. laws. 

The system Law operates through the interpretation of laws in the sense of dispensation of 
law/judging. The underlying programmes represent laws and forms of law-making that serve to 
decide true or untrue. The results are judgements as well as interpretations of laws. 

Production The system Production operates through the manufacturing of products. The operations are 
based on programmes that create a statement regarding whether something can be produced or 
not. These programmes are production concepts/methods. The system’s result is the product. 


Engineering The system Engineering and Technology Sciences operates through the development of 
and knowledge about the manufacturing of products and related technical application areas. The 
Technology programmes represent models, theories and research methods that can be used to make state- 
Sciences ments about whether assumptions are true or false. 


Consumption į The system Consumption operates through the use of goods/services or the participation in 
processes. The result is the generation of benefits. The programmes represent benefit dimen- 
sions, needs and wants, which determine whether the satisfaction of needs/wants is successful. 

Economy The system Economy operates through trade or the implementation of transactions. The result 
is thus a successfully implemented transaction. The basis is formed, e.g., by programmes for 
pricing, investments or capital valuation, which provide information on whether a payment can 
be made or not. 


The next part of the process was assigning the key influencing factors of local manu- 
facturing to six functional systems according to Table 3 in an interdisciplinary workshop. 
The classification was decided according to the lead question of whether the programmes 
and results of the functional systems have a direct effect on their respective key influ- 
encing factors. Depending on the strength of the factor’s impact on a main attribute of 
local manufacturing (long-term development perspective) [4], a numerical value from 1 
to 5 was assigned to the subsystem in case of a direct effect between functional system 
and key influencing factor (1 = low... 5 = essential). 
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Table 3. Allocation of key factors of local manufacturing to different functional systems 


Factor Politics / Eng. / Consum- 
attribute Law tech. sci. ption 
a Relative influence of the subsystems 26% 19% 11% 

Economic efficiency of local manufacturing 

Cost-efficient production of small series 

Risks and costs of global logistics 

Spatial concentration of demand 

Local infrastructure suitable for production 

Demand for locally produced goods 

Acceptance of local manufacturing by residents 

Local costs for production areas 

Spatial independence of R&D and Production 

Competition for local land 

Trend: Sustainability 

Scarcity of space 


Production at the place of need 


Relative influence of the subsystems 
Lower labour costs abroad 

Shortage of skilled workers on site 

Spatial proximity of the stakeholders 

High local quality of life 

Economic efficiency of local manufacturing 
Prosperity in the region 

Local qualification opportunities 

Positive image of companies 

Visibility of production/producers 


resources 
(implementation of prod. 
by local stakeholders) 


Utilization of local 


Relative influence of the subsystems 
Insufficient availability of regional resources 
Processing of local resources 

Recycling 
Remanufacturing 

Risks and costs of global logistics 

Low disposal costs 

Low raw material prices 

Application of sustainable design principles 
Trend: Sustainability 

Spatial proximity of the stakeholders 
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resources 
(use of local materials) 


Relative influence of the subsystems 
Product-specific storage costs 

Scarcity of space 

Identification of user needs 

Adaptability / transformability of production 
Capital commitment of product storage 
High degree of user involvement 

Ability to analyse large amounts of data 
Generalization of production 

Value chain and stakeholder responsiveness 


E Relative influence of the subsystems 
Product variability 

Identification of user needs 

Adaptability / transformability of production 
Modularity of products 

Adaptable product model 

High degree of user involvement 

Cooperative product development (user/prod.) 
Ability to analyse large amounts of data 
Trend: Demand for individualised products 
Generalization of production 


demands 
(on-demand prod.) 


Addressing of local 


demands 
(prod. of individualized 


products) 


Addressing of local 
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The sum of the influences of one functional system on each main attribute of local 
production, considering the strength of the respective key influencing factors (long-term 
development perspective), was determined. This value was set in relation to the total 
amount of all influences of all considered functional systems for each main attribute to 
show the relative influence of the functional systems (see Table 3: Relative influence of 
the functional systems). 

Based on these evaluations it is possible to compare the relevance of the functional 
systems’ influences on the main attributes of local manufacturing. 


4 Overview Over the Results 


Figure | shows the relative influences of the functional systems on the main attributes 
of local manufacturing in comparison to each other. It becomes clear that the system- 
dependent influence varies for the different main attributes. 


Politics & Law 


Strength of impact on 
the dimensions of local 
s production LMP 


Consumerism Economy 


Legend: 
production at the 
place of noed 
o utilization of local resources (implementation 
“of producton by local stakeholders) 
~- utilization of local resources (use of 
-local materials) 
adressing of local demands (on- 
demand production) 
adressing of local demands (production of 
individualized products) 


Technical A 
Sciences Production 


Fig. 1. Relative influence of subsystems on the main attributes of local manufacturing 


4.1 Production at the Place of Need 


The systems under consideration have a generally comparable influence on the dimension 
of Production at the place of need. However, the systems Politics/Law as well as 
Economy tend to have a stronger impact. 

The system Politics/Law influences production on-site through political decisions 
and laws to develop local infrastructure and to ensure the availability of production 
areas (e.g. land use plans, price regulation measures). The system Economy signifi- 
cantly influences the economic valuation of the use of local land and the expansion of 
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local infrastructure for local manufacturing compared to other perspectives of use (hous- 
ing, recreation, consumption), and thus the decisions regarding investments. The system 
Production influences Production at the place of need through its production concepts 
and technologies and their suitability for meeting the requirements of on-site produc- 
tion (cost-efficient manufacturing of small series, manufacturing technologies with little 
emission to promote acceptance by local residents, machines with little need for space, 
etc.). The further fulfilment of these requirements is also influenced by technological 
developments and new knowledge in Engineering and Technology Sciences. The influ- 
ence of the system Consumption affects on-site production in particular through the 
demand for locally produced products. 


4.2 Utilisation of Local Resources 


The utilisation of local resources is also particularly shaped by the influence of the system 
Politics/Law as well as the system Economy. The former, through its decisions and leg- 
islation, significantly impacts the availability and involvement of local human resources 
(e.g. legislation on immigration, education and training) and enterprises resources (e.g. 
import restrictions/tariffs, supply chain standards) as well as the suitability of the use 
and reuse of locally available raw materials, materials, products or components. Based 
on the legal framework as well as current and expected future market conditions (e.g. 
local and global availability of raw materials), the system Economy determines the 
prices and price expectations for local resources (labour and materials). These in turn 
form an important basis for investment decisions that can promote or restrict the avail- 
ability and use of local resources (e.g. expansion of structures in the area of recycling or 
re-manufacturing). The systems Production as well as Engineering and Technology 
Sciences influence the use of local resources by creating opportunities for the use and 
reuse of locally available resources, e.g., through technology development, the imple- 
mentation of CE design and production principles, and the introduction of appropriate 
processes for a sustainable, local circular economy. The system Consumption has a sub- 
ordinate influence, which is due to the fact that the fulfilment of benefits is not adversely 
affected by the reuse of materials and components. 


4.3 Addressing of Local Demands 


Addressing of local demands through local manufacturing is particularly dependent 
on the systems Engineering and Technology Sciences as well as Production. Cor- 
responding research activities as well as the implementation of concepts for adaptable 
and customer-integrating production systems enable product manufacturing in a way 
that includes the customer in the value creation and identifies their individual require- 
ments as well as it avoids warehousing through a demand-oriented and highly flexible 
production. The system Consumption shapes this dimension of local manufacturing in 
so far as its operations of satisfaction of needs depend on the utility dimensions present 
in the system, which need to be addressed. In the context of local manufacturing, it 
is relevant that these are not exclusively focused on the functionality and cost of the 
product (functional-economic value), but also represent benefits through participation 
in the value creation process (e.g. experience, DIY experience, responsibility) and the 
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addressing of an underlying understanding of value (e.g. ecological requirements) [14]. 
The system Economy creates the evaluation basis for investment decisions regarding 
research and design of production in the sense of the demand-oriented, highly flexible 
and space-minimizing production of goods. 


4.4 Structural Coupling of the Systems 


In many cases, the central factors influencing local manufacturing are not affected exclu- 
sively by one system, but by different systems. From this overlap, the structural coupling 
of the systems and thus a mutual influence can be derived. 

The coupling between the system Politics/Law, the system Economy and the sys- 
tem Production is of great importance. The system Politics/Law creates a framework 
for local manufacturing through political decisions and corresponding laws. On the one 
hand, this includes the creation of infrastructural prerequisites for the system Produc- 
tion for it to be able to establish production locally (suitable infrastructure, provision 
of land for production). On the other hand, this also involves regulations that determine 
the municipal requirements for production and thus its implementation (e.g. regulations 
regarding the return and reuse of products). In addition, the system Politics/Law also 
influences pricing through taxation requirements (e.g. CO2 tax) and thus affects the 
system Economy and ultimately investment decisions for local manufacturing. 

Another central coupling is the link between the system Economy, the system Pro- 
duction and the system Engineering and Technology Sciences. The system Economy 
has the methods for the economic evaluation of business models. Based on the economic 
evaluation of the value creation patterns of local manufacturing, the decision-making 
for investments ensues. 

The system Production, the system Engineering and Technology Sciences and 
the system Consumption are coupled via the influencing factors for recording customer 
needs and for cooperative product development. The operation of consumption, as an act 
of prosuming, leads to participation in value creation and thus influences the successful 
implementation of operations in the system Production. 


5 Summary and Discussion 


This paper demonstrates that the establishment of local manufacturing requires oper- 
ations in multiple different societal functional systems. Particularly important are the 
following functional systems: Politics, Law, Production, Engineering and Technology 
Sciences, Economy as well as Consumption. The systems are of varying importance to 
the different dimensions of local manufacturing and display structural couplings among 
each other. Based on the knowledge of the areas of influence of the systems and their 
couplings, recommendations for action must now be developed in a next step. These 
should focus the operations of the subsystems in such a way that they mutually promote 
the appropriate conditions for a positive development of the dimensions of local man- 
ufacturing while also eliminating any operational differences between the functional 
systems. The cross-system approach supports the development of recommendations for 
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action in so far as those relevant perspectives are not neglected and that the targeted pro- 
motion of local manufacturing is facilitated through the system operations of politics, 
economy, production, research and consumption. 

The limitations of this paper lie within the fact that the influences of the individual 
systems are only represented in relation to each other. Although we were able to show 
what the central areas of influence of the functional systems on local manufacturing are 
and thus can provide a certain point of orientation, it is not possible to make a statement 
about how impactful the respective subsystems are in absolute terms. 


Acknowledgements. This research is funded by dtec.bw — Digitalization and Technology 
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Abstract. Equipment manufacturers (EMs) exhibit unsustainable operating pat- 
terns in linear production models by depleting finite materials. In this context, 
future business environments in industrial markets shift fundamentally and form a 
new sustainability paradigm stimulated by key drivers, e.g., end customer behavior. 
Considering the market shift, this research explores an overview of prerequisites 
in the transition toward a sustainable business model in industrial markets. Prior 
research exhibited product life cycle extensions for industrial assets facilitated by 
the most common R-principles “reuse”, “remanufacture”, and “recycle”. Lean- 
ing on previous research, recycling is instrumentalized for some materials, e.g., 
polyethylene terephthalate (PET). For industrial assets, manufactured products, 
such implementation efforts for EMs fall short. Investigating the shortage, this 
study (1) scrutinizes the role of recycling in the transition towards a sustainable 
business model, (2) identifies appropriate characteristics of industrial assets facil- 
itating recycling, and (3) evaluates parameters to operationalize a recycling value 
chain (RVC). Ina practice-based project, involving a Swiss-based equipment man- 
ufacturing company, mixed methods are applied. The results propose key drivers 
and characteristics facilitating recycling efforts of industrial assets and parameters 
fostering an RVC. Future research should increase the number of sample EMs and 
scrutinize the role of various RVC actors to exceed present limitations. 


Keywords: industrial asset - parameter - recycling value chain - sustainable 
business model 


1 Introduction 


Sustainability topics are apparent across industries. Globally, business environments 
react to various key drivers such as end customer behavior, shareholder perception, 
regulation, and emerging technology in the change to a new paradigm [1-3]. Circular 
business models, a subset of sustainable business models, are a popular approach to 
facilitating a circular economy [4—6]. While the concept of sustainable business mod- 
els roots back in the notion that businesses seek promotion for sustainability activities, 
currently it is often perceived as a source of achieving competitive advantage and reach- 
ing environmental awareness [7—9]. Geissdoerfer, Vladimirova and Evans [5] suggest a 
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holistic definition for a sustainable business model: “business models that incorporate 
pro-active multi-stakeholder management, the creation of monetary and non-monetary 
value for a broad range of stakeholders and hold a long-term perspective”. Mapping this 
general definition onto the manufacturing industry, the notion calls for a shift in which 
EMs should evolve their business model from a linear production approach to a more 
circular one [10, 11]. Manufacturing processes irreversibly exhaust finite materials and 
thus prevent organic regeneration. The Ellen McArthur Foundation [12] has aided in 
promoting the transformation of resources within a product life cycle. There is still a 
substantial gap for actionable insights, transferring theoretical elaboration to practical 
implementation. To address this issue, the research question is posed around the impact 
potential of activities along the recycling value chain (RVC) toward more sustainability 
in the manufacturing industry: “What are recycling value chain parameters fostering 
industrial asset recycling taking an EM’s strategic and operational perspective? ”. 


2 Recycling in the Manufacturing Industry 


One way of handling finite resources more sustainably is the application of the so-called 
“R-principles” (RPs) [13]. These activities prolong the lifetime of industrial assets. At 
the end of the product life cycle, reaching End-of-Life (EoL), the RP “recycling” can 
be applied [14]. In literature no clear number and application of RPs can be found, e.g., 
Reike, Vermeulen and Witjes [15] introduce eight principle options while Wang, Kara and 
Hauschild [16] focus on three options. This study examines recycling, as this principle 
closes the loop by transforming asset materials into raw materials reused in production 
processes and slowing the exhaustion of finite resources [17, 18]. This piece of work 
focuses on the recycling of industrial assets, manufactured products, at the EoL because 
of its (1) positive impact reachable along the triple bottom line (economic, environmental, 
and social impact) and (2) vast neglect by EMs in the past [19]. Aside from literature 
research, this study follows a practice-based project perspective by gaining insights from 
a globally operating Swiss EM. 


3 Research Method 


The manufacturing industry is at the lever to accelerate sustainable production behavior 
and EoL management yet only a few companies are professionally using RPs in their 
business operations and transferring theory into practice. As the study considers qual- 
itative and quantitative aspects, the data collection follows a mixed-methods approach 
by Eisenhardt [20]. Qualitative data is aggregated by conducting interviews with rele- 
vant actors in the value chain. The interview findings are contextualized according to 
the approach presented by Braun and Clarke [21]. Understanding a case-based business 
case and perceiving cross-industrial initiatives fosters the implementation potential and 
represent the quantitative data perspective. Iterative cross-checks and repetitive scrutiny 
of the present data information led to robust analyses. Information is clustered with 
analytical tools such as open-ended coding of interviews. Table | shows an overview of 
the data sources applied to the analyses. 
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Table 1. Data sources 


Data collection Mixed-methods approach 


Primary data sources Semi-structured interviews (18) with actors of the RVC: equipment 
manufacturer, end customer, scrap dealer, recycling facilitator 


Secondary data sources | Business case calculation based on company data not publicly 
available due to privacy restrictions; annual reports of equipment 
manufacturers; confidential company reports; confidential company 
archival material 


4 Findings 


Operationalization efforts of recycling are scattered and unstructured in industrial mar- 
kets and rarely conducted by EMs. Scrutinizing this shortage of recycling exertion leads 
to key drivers and parameters revealing challenges and opportunities within the RVC. 

Recycling defines mechanically and technologically advanced processing (e.g., 
shredding or melting) of primary and secondary recyclable materials. The former refers 
to post-production and pre-consumer by-products (a) and production scrap ($), and the 
latter one to post-consumer industrial assets at the EoL (y) to circumvent the need to 
exhaust finite materials [22, 23]. Primary materials usually have little wear and tear. 
Hence are in a technically purer condition in contrast to secondary recyclable materials 
[24]. Figure 1 represents actors’ jobs and processes as well as key drivers of recycling 
industrial assets in an RVC. 


— Egaipment manefecturer (EM) & Eod customer (EC) — — Serap dealer (SD) — ~ Recycling fschitator (RF) - 


d Initial 
\ifedme 


Fig. 1. Flow diagram of processes within the RVC and key drivers facilitating recycling efforts 
of industrial assets (dashed box). 


29 66 


Primary data sources revealed characteristics clustered as “asset design”, “asset life- 
time”, “asset condition” and “Bill of Material” (BoM), influential for the recycling of 
secondary recyclable material. Industrial assets should follow a design that decreases 
the assembly complexity and improves the time-efficiency of disassembly for jobs per- 


formed by the EM and SD [26]. For instance, industrial assets with lots of mechanically 
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connected components (e.g., use of screws to attach parts) are easier to detach and pre- 
process than materially connected ones (e.g., components glued to each other). The 
asset’s lifetime largely depends on the asset’s operation time. It was found that an asset’s 
EoL is reached significantly faster at high operation. Heavy usage along with wear and 
tear ultimately show an effect on the asset’s condition, which often results in recondition- 
ing practices such as repair and maintenance. Finally, the BoM decides on the valuation 
and monetization potential of materials in downstream activities within the RVC. Recy- 
cling efforts are influenced by external drivers, which are generally applicable across 
industries and internal drivers that represent microeconomic factors for the investigated 
case study and are more specific to the machine tool industry. For instance, “sustain- 
ability strategy” reflects a need for companies to align with strategic and operational 
goals internally and externally toward sustainability. “End customer behavior” reflects 
the increasing request for actions with an impact along the triple bottom line. 

Primary and secondary data yielded parameters that influence the recycling efforts of 
industrial assets within the RVC (cf. Figure 2). The interrelation between actors enables 
vertical and horizontal integration. For instance, EMs could collaborate with competitors 
to standardize the design of industrial assets for further recycling steps, or EMs could 
pre-disassemble recyclable materials for the SDs. Primary data analysis reveals first 
layer parameters, which critically influence the EM’s operational and strategic efforts. 
Second layer parameters affect the former ones and contain more generally applicable 
aspects, such as market demand or regulations. 


Actors — Activities — — Recycling Value Chain - — — — Parameters — - 
Second layer 
: 3 
Equipment || Production of industria! EM A First layer Disassembly complexity 
manufacturer | sect aeg nau materials Me N if — = 
t - ME x ` Profe manga Market demand 
| \ —_——— —— 
End Utihzation and possession f \ ‘a — fi A = m 
customer of industrial assets («) pa \ Volume | | wis ae ell, 
: ` x vN > — Technica! requirements 
` \ | Markt a 
Samp _|| Danassembly, clcming and 9 % wiae — | Repalotions 
sesle wortng of recyclable axacts \ = = L a 
< \ ) = 
— ~ 5 Time-to-Market | | __ Network effects 
= L/S eee | 
faciiunor recycling of peo-procemed Informapon fow 
L Ji sets cnt raw materials | 


Fig. 2. The recycling value chain of industrial assets displays four interrelated actors and the 
integration potential from the EM’s perspective (arrows). 


A first layer parameter, “profit margin”, represents the potential to claim profits 
moving along the actors in the RVC. The profit margin on material prices complies against 
commodity prices. Fluctuations in commodity prices would affect the profit margin 
and potentially increase the popularity of closed-loop material treatment. Recycling 
achieves at most value retention and usually value reduction, the reintroduction price 
of recycled materials is generally below their new price. Some recyclers specialize in 
refining recycled assets by adding other materials to suit the production purpose of 
certain industries (e.g., durable and flexible metal alloys used in aerospace). Recyclable 
industrial assets are traded linearly down the value chain. Information density and amount 
of industrial assets recyclable determine the value of materials for the SD and RF. For 
the EM, the margin potential is dwindling, because the customer’s perceived value of 
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recycling services is minor, and the price elasticity is high, thus the price has to be 
competitive. At the same time, the conditions for selling recyclable assets to the SD are 
unfavorable. The EM can counteract by having clarity about the BoM as well as material 
knowledge. Installed bases of industrial assets at the EoL are diversely scattered across 
multifarious production plants and information is unstructured. Asset BoMs suitable 
for recycling efforts hence are challenging to assess. Market prices correlate positively 
with the density of asset material information. Given stronger economic incentives, e.g., 
tax relief or material prices, recycling services could be offered to the end customers at 
an improved financial and ecological incentive, e.g., CO2 certificates or eco-labeling. 
Eventually, the RVC would benefit from greater value due to Co-creation and a positive 
environmental impact by closing the loop more efficiently. 

“Volume” impacts the recycling feasibility and viability. Related to the profit poten- 
tial, aggregating a sufficient volume of recyclable industrial assets enables Economies- 
of-Scale (EoS). The larger the weight of collected materials and the higher the level of 
material information, the greater a positive price influence. To be economically prof- 
itable, a certain collected volume of assets at the EoL is required, e.g., SDs have thresh- 
olds where the price paid per weight jumps. Especially, industrial assets, which are bulky 
and heavy, and together with their typical low residual value, barely cover the transporta- 
tion costs given a comparatively long product life cycle. This leads to industrial assets 
being handled rather locally. The hurdle is prevalent due to the immobile locality of SDs 
and recyclers’ facilities. Simultaneously, it sheds light on an opportunity for EMs. EMs 
can integrate forward, assuming they can find a way to logistically control the flow of 
recyclable industrial assets. They would gain negotiation power on the monetization of 
industrial assets if sold to SDs or RFs. One possible scenario is the use of prevalent 
EM-owned facilities to mid-store recyclable assets until a certain threshold is reached. 
Having multiple localities enables shorter and more efficient transport routes leading to 
competitive advantages for EMs with several distributed facilities. Cross-border routes 
must consider taxation policies and legal limitations to transport scrap. Upon this oper- 
ating model, a mobile solution consisting of equipped truck units may perform SD jobs. 
Reducing idle time leads to rapidly reaching the collection capacity, eventually benefit- 
ting the profit margin. Such transparency also leverages the EM’s negotiation power and 
might result in favorable contracting. 

This goes along with the parameter “market intelligence”, which indicates the EM’s 
knowledge available about their ECs’ installed bases. Intertwined with the previous 
parameter, the data information received through the EC can stack the information den- 
sity, respectively. Communication flows between actors are usually bilateral via outdated 
communication media such as fax or telephone, indicating that Industry 4.0 technolo- 
gies’ potential is not utilized. It is challenging to find industrial assets at the EoL with 
geographically scattered assets. One mechanism that leads to this situation is shielding 
insights from competitors. A second mechanism is the end customers’ ignorance with 
the lack of recycling options. Finally, a third mechanism is the absence of an adequate 
incentive system, which links back to the aforementioned margin squeeze. To date, 
there is no uniform solution to close this gap. A promising approach would be to set 
up a database platform that collects information about the industrial assets’ lifetime at 
the EM’s installed base, condition, and geographical location. Such a platform would 
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increase knowledge about asset locality while addressing the inherent volume depen- 
dency of SDs and RFs. Certain companies exhibit strategic intentions toward data and 
asset management in B2B (e.g., service model “Nuron” from Hilti Group [25]). Gaining 
access to the required data is a challenge. In the past, ECs and EMs were not used to 
share date, but an aligned value proposition might initiate a change. Primary data samples 
reveal a widely scattered EC sentiment regarding the willingness to share information, 
while some proponents argued for a transition toward more sustainability in the industry, 
others do not disclose any data. 

Finally, timing the introduction of recycling activities is crucial to pick up the momen- 
tum of sustainability drivers. The "Time-to-Market" (TtM) defines the speed at which 
an initiative is launched and introduced to the market. Reflecting the EM’s embedment 
in the value chain, integrating toward the EC can have a faster TtM than toward the RF. 
Equipment manufacturers currently are active with locally implemented recycling activ- 
ities that mostly focus on primary material. Interviews with organizations in the machine 
tool industry exhibited an interest among competitors to co-create value, e.g., developing 
recycling standards. Focusing on market competitiveness, a prompt TtM might unfold 
first-mover advantages and chances to steer market practices e.g., influencing the price 
behavior and expectation of customers. 


5 Conclusion 


Recycling builds on an RVC and the interdependence among its actors, yielding a promis- 
ing approach in the transition toward sustainable business models. Nonetheless, current 
recycling efforts are inefficient. Our study shed light on the prerequisites to foster and 
facilitate an efficient RVC taking the EM’s strategic and operational perspective. Based 
on our case study, we identified key characteristics of industrial assets and parameters 
influencing the RVC and uncovered the fundamentals of fostering recycling. Among the 
RPs, recycling holistically is a difficult step to implement. Primary data exhibits progres- 
sive initiatives and incentivization from international committees and country initiatives 
(e.g., cross-border transportation of recyclable materials). For example, recent initiatives 
such as the “European Green Deal” (2019), the “Circular Economy Action Plan” (2020), 
or the “Sustainable products initiative” (2022) of the EU Commission promote a more 
sustainable industry [27]. Cross-industries are introducing material passports, which pre- 
cisely record the BoM and material composition of industrial assets. For instance, within 
the maritime industry, the shipbuilder Maersk introduced a “cradle-2-cradle passport” 
to facilitate recycling [28]. 

This woks’ data collection follows a single case study approach that focused on one 
company’s embedment in the RVC. The boundary conditions and limitations of our single 
case study need to be considered when internalizing and generalizing our findings. First, 
we studied a leading firm with a strong competitive position in the machine tool industry. 
And second, we gathered our primary and secondary data within Europe, predominantly 
in Switzerland, Germany, and Italy. We propose further investigation with a greater 
number of sample cases to enhance the understanding of the suggested parameters. Our 
research is initially centering on an EM. The scope of actors in the RVC should be 
extended by exploring intermediaries such as secondhand asset dealers and scrutinizing 
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the role of the actors. Finally, recycling activities can be supported by Industry 4.0 
technologies (e.g., digital twins, Industrial Internet of Things, big data analytics, etc.) to 
overcome introduced challenges in the current RVC. 
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Abstract. Circular Economy (CE) promotes trading functions of a product as a 
service instead of selling the product in conventional ways. For a product like a 
baby stroller, the function means ensuring mobility with infants without needing 
to own a stroller. This approach of acquiring functions only when needed opens 
up the possibility to share the same products with multiple users. For a manufac- 
turer that has built its business on a conventional sales model over the decades, 
this shift may be too radical. Therefore, for the manufacturers, it is important to 
understand consumer perceptions of the service-oriented business model before 
entering this unknown territory. To develop a thorough understanding of consumer 
perceptions of leasing a stroller instead of buying one, a survey among 200 parents 
in Stockholm is conducted. The survey brings out quantitative results such as 39% 
of respondents are open to leasing and identifies key influencing factors such as 
convenience and environmental image that play a key role for the remaining 61% 
of respondents to choose leasing. This research concludes that a large number 
of consumers are open to leasing if a high level of service and environmentally 
sustainable strollers are offered at a competitive price. 


Keywords: Circular Economy - Business model - Leasing - Service-oriented - 
Consumer perceptions 


1 Introduction 


The Circular Economy (CE) can yield cost savings and can result in significant environ- 
mental benefits [1]. Since the CE has the potential to create economic benefits for the 
manufacturing industry in which environmental sustainability is embedded, many com- 
panies are considering implementing Circular Manufacturing Systems (CMS), where 
the products and business models are designed intentionally to close the loop of prod- 
ucts and/or components [2]. To succeed with the CMS approach the Original Equipment 
Manufacturers (OEM) need to retain the ownership of the products and adopt innovative 
business models that promote trading functions of a product as a service instead of sell- 
ing [3]. This approach of acquiring functions only when needed opens up the possibility 
to share the same products with multiple users. For an OEM that has built its business 
on a conventional sales model over the decades, this shift may be too radical. There- 
fore, for the manufacturers, it is important to understand consumers’ perceptions of the 
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service-oriented business model such as leasing strollers in this case before entering this 
unknown territory. This paper presents a thorough understanding of consumers’ percep- 
tions of leasing a stroller instead of buying one. For a product like a baby stroller, the 
service/function means ensuring mobility with infants without needing to own a stroller. 
This case study is interesting from a product-service system perspective as it represents 
a high-priced product that has a short use time and high recovery value at the end of its 
lifecycle. 


2 Research Review 


Service-oriented business models are one of the essential instruments to implement 
CMS. However, deploying service-oriented business models requires radical changes in 
the firm’s business operations [4]; where consumer perceptions to adopt these business 
models is an important element to consider. Camacho-Otero et al. (2018) claimed that 
personal characteristics drive consumption. For example, consumers concerned about 
social status prefer branded products and some consumers choose used products to gain 
status by distinguishing themselves from others [6]. 

In general, a lack of knowledge of the possible values and risks of service-oriented 
business models is an obstacle in putting service-oriented business models into practice 
[7-9]. Information about the total cost of ownership, quality of products, environmental 
benefits, and additional services (i.e. whether service and maintenance of products are 
included or not) is crucial for consumers’ decision making [5, 7-9]. Schallehn et al. 
(2019) and Camacho-Otero et al. (2018) highlighted that positive experiences from 
interaction with the service provider are important in embracing and promoting service- 
oriented business models. The positive experience is a result of ensuring economic 
value, uniqueness, environmental friendliness, and convenience. Singh and Giacosa, 
(2019) identified that Individual, Social, and Cultural aspects influence acceptance of 
the circular business model. Cultural aspects, such as negative perceptions about sharing, 
accepting used products and resistance to change play a major role in the success of a 
service-oriented business [5, 8—10]. 

Mont et al. (2006) argue that the existence of large second-hand markets for baby 
strollers is a sign of the positive attitude of young parents to buy used products. Leasing 
strollers provide the flexibility of adjusting the needs under the service contract and 
make premium products affordable. Moreover, through this business model, consumers 
do not need to store the strollers or spend time selling them. The environmental benefits 
of leasing baby strollers lie in prolonging the product use phase, reducing the number 
of produced products, and improving the end of life strategies [11]. Van Weelden et al. 
(2016) concluded that lack of awareness, unclear definition of refurbishment, and per- 
ceived risks affect the acceptance of refurbished mobile phones. Poppelaars et al. (2018) 
concluded that consumers reject access-based smartphone services due to a lack of 
awareness about the smartphone access service, poor image of the service provider, lack 
of ownership, and sustainability concerns. D’ Agostin et al. (2020) and Day et al. (2020) 
respectively concluded that environmental concerns, as well as a healthy lifestyle and 
the monetary perspective of the service-oriented business models, are the main drivers of 
adopting it. They also pointed out that additional options could be considered as conve- 
nience or burden. For some consumers, ownership of the products is more important [8, 
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15] and the lack of ownership can often be regarded as being dependent on the service 
provider [7, 15]. 


3 Research Method 


This research is conducted by applying a research method that combines both survey 
research and research review. Survey research is applied for acquiring information about 
consumers’ opinions and attitudes toward leasing a stroller. The review process is used 
for exploration to gain insights into relevant research. The findings of this review process 
are used to strengthen the survey results. 

The research started with the main assumption that there are three segments of 
consumers a) Consumers who will always lease a stroller, b) Consumers who may or 
may not lease a stroller, and c) Consumers who will never lease a stroller. To limit 
the scope, convenience and environmental benefits are assumed to be the additional 
value propositions. Furthermore, the research also assumed that consumers accept used 
strollers that are restored to new-like conditions if they are environmentally sustainable 
and maintain hygiene. 

To conduct the survey, two sets of questionnaires are designed as the base for face- 
to-face interviews. One set is designed for the parents who already own a stroller and the 
other set is for parents expecting a child and considering acquiring a stroller. The survey is 
designed mainly with closed-ended questions with two open-ended questions to acquire 
a wider understanding of what motivates or discourages a consumer to opt for the leasing 
option [17]. The questions are organized in a logical order creating a flow chart structure 
where a respondent needs to respond either yes or no to each question. Depending on 
the responses, different respondents follow different flows of questions until the survey 
ends. Due to this relatively complex structure of the survey and to ensure a high response 
rate the survey was only conducted in presence of a data collector. A survey among 200 
parents in Stockholm was conducted and 181 respondents completed the questionnaire. 
Of these 181 respondents, 100 are parents having a child who already owns a stroller 
and the remaining 81 are parents who are expecting a child and considering acquiring a 
stroller for their future child. 


4 Results 


As Fig. 1 shows, 39% of the respondents (a total of 181 respondents) have shown positive 
interest to lease a stroller, when no further information about additional values or chal- 
lenges with the leasing offer was communicated. However, the respondents responded 
differently when these additional values and challenges with the leasing offer were 
exposed, which is presented in the following sub-sections. 


4.1 Response of the Parents Having a Child Who Already Own a Stroller 


In case of parents having a child who already owns a stroller of a specific brand, 42% (42 
respondents out of 100) respondents have shown positive interest to lease a stroller as 
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shown in Fig. 2. Out of these 42 respondents, 31 responded negatively to the leasing offer 
if the total cost of ownership during the leasing period is higher than buying a stroller, as 
presented in Fig. 3. However, 8 respondents out of 31 remained positive to leasing offer 
when convenience is offered as an added value and an additional 16 respondents out of 
the remaining 23 critical respondents turned positive to leasing offer for a product that 
is environment friendly. Ultimately, 7 respondents remained critical to the higher cost 
of leasing, who consider the cost of leasing is more important than convenience or an 
environment-friendly product. In this group, 35 respondents remained positive (adding 
all positive responses from Fig. 3) and 7 remained negative to leasing offer respectively. 


Fig. 1. The distribution of consumers willing Fig. 2. The ratio of respondents (parents 
and not willing to lease a stroller. having a child) willing and not willing to lease 
a stroller 


a Yes to lensing Ti Noto leasing 


| a. A. 


BD vestoteasing I moto teauing 


Leaping cont is Convenience is Environment Convenience is Leasing cost is Environment 
higher than buying Beret friendly product is offered as an higher than buying friendly product is 
offered as an additianal value offered a an 
additional valve additional value 


Fig. 3. The number of respondents to the added Fig. 4. The number of the respondents to 
values, who initially showed positive interest in the the added values who initially shown 
leasing offer negative interest. 


The 58 respondents who initially remained negative to the leasing offer responded 
as shown in Fig. 4. Out of these 58, 20 respondents became positive to the leasing 
offer when convenience is offered as an additional value, but only 7 out of 20 remained 
positive when the total cost of ownership during the leasing period said to be higher than 
the cost of buying the stroller. However, 5 additional respondents out of 13 remaining 
critical ones became inclined to the leasing offer when the offer included an environment- 
friendly product. In total, 12 respondents in this group turned positive to the leasing offer 
when convenience and an environment-friendly product are offered and 8 respondents 
remained critical of the higher cost of leasing resulting in 46 respondents out of 58, i.e., 
38 in the beginning and 8 considering all other motivating factors, being negative to the 
leasing offer. 


Consumer Perceptions of the Circular Business Model 957 


To summarise the results of the responses received from the parents having a child 
and already owning a stroller, 47 (i.e., 35 out of 42 and 12 out of 58) (47%) respondents 
out of 100 are willing to accept a leasing offer when convenience and an environment- 
friendly product is made part of the value proposition. 53 respondents (53%) are not 
willing to accept leasing as the offer in this particular case. To summarise (as shown 
in Fig. 5), 11% are in favour of leasing (11 out of 100 respondents were positive in 
all conditions, see Fig. 3), 38% are not in favour of leasing (38 out of 100 respondents 
were negative even if they receive more convenience, see Fig. 4) and the largest group, 
i.e. 51% is in favour of evaluating the leasing offer in terms of price, convenience, and 
environmental image. The survey also revealed that 71% (30 out of 42 respondents) of 
the respondents who are positive about leasing are also open to leasing a used product 
that is remanufactured or refurbished. 


Fig. 5. The distribution of the consumers in the three Fig. 6. The ratio of respondents 
categories; consumers who will always lease, may or (parents expecting a child) willing and 
may not lease, and never lease. not willing to lease a stroller 


4.2 Response of the Parents Expecting a Child Who Do not Own a Stroller 


In the case of parents expecting a child, 36% (29 respondents out of 81) respondents 
have shown positive interest to lease a stroller as shown in Fig. 6. Out of these 29 
respondents, 23 responded negatively to the leasing offer if the total cost of ownership 
during the leasing period is higher than buying a stroller. However, as shown in Fig. 7, 8 
respondents out of 23 remained positive about leasing offer when convenience is offered 
as an added value and an additional 11 respondents out of the remaining 15 critical 
respondents turned positive to leasing offer for a product that is environment-friendly. 
Ultimately, 4 respondents remained critical to the higher cost of leasing, who see the 
cost of leasing is more important than convenience or an environment-friendly product. 
In this group, 25 respondents remained positive and 4 remained negative to leasing offer 
respectively. 

The 52 respondents who initially remained negative to the leasing offer responded as 
shown in Fig. 8, out of these 52, 19 respondents became positive to the leasing offer when 
convenience is offered as an additional value, but only 8 out of 19 remained positive 
when the total cost of ownership during the leasing period said to be higher than the cost 
of buying the stroller. However, 8 additional respondents out of 11 remaining critical 
ones became inclined to leasing when the leasing offer included an environment-friendly 
product. In total, 16 respondents in this group turned positive to the leasing offer when 
convenience and an environment-friendly product are offered as the additional values and 
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3 respondents remained critical of the higher cost of leasing resulting in 36 respondents, 
i.e., 33 in the beginning and 3 considering all other factors, being negative to the leasing 
offer. 

To summarise the result of the responses received from the parents expecting a child 
who do not own a stroller, 41 (i.e., 25 out of 29 and 16 out of 52) (51%) respondents out 
of 81 are willing to accept leasing. 


Fig. 7. The number of the respondents to Fig. 8. The number of respondents to the added 
the added values, who initially shown values who initially showed negative interest in 
positive interest in the lease offer the leasing offer. 


offer when convenience and an environment-friendly product is made part of the 
value proposition. Furthermore, this group of consumers is willing to pay extra for this 
additional value proposition. 40 (49%) respondents do not consider leasing as an offer 
of their choice, of which 7 (1.e., 4 out of 23, see Fig. 7, and 3 out of 19, see Fig. 8) refused 
to lease if the cost of ownership of leasing is higher than buying a stroller. To summarise, 
7% is in favour of leasing (6 out of 81 respondents were positive in all conditions, see 
Fig. 7), 41% are not in favour of leasing (33 out of 81 respondents were negative even 
if tey receive more convenience, see Fig. 8) and the largest group, i.e. 52% is in favour 
of evaluating the leasing offer in terms of price, convenience, and environmental image. 
The survey also revealed that 79% (23 out of 29 respondents) of the respondents who 
are positive to leasing are also open to lease a used product that is remanufactured or 
refurbished. 


5 Discussion and Conclusions 


In this paper, consumers’ perceptions of leasing baby strollers have been studied. This 
research quantifies the distribution of the consumers in Sweden in three categories, 
naming consumers who will always lease, consumers who may or may not lease, and 
consumers who will never lease a stroller based on the survey research. This research, 
as well as previous studies, confirms that competitive price is one of the important 
attributes in deciding whether to go for leasing or not. This research further confirms 
that convenience and environmental-friendly products increase consumers’ tendency to 
lease these products. 

The survey results in both cases (parents own a stroller and parents do not own a 
stroller) show that there is a large number of consumers (38% and 41% respectively) 
who are not willing to lease a stroller. The three key reasons for not leasing or leasing a 
stroller are listed in Table 1. This also confirms that environmental aspects are not key 
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decision-making factors but can create significant value. There is a small segment (11% 
and 7%) of consumers willing to go for leasing unconditionally. For this segment, the 
possibility to pay monthly, return the stroller after use, and the possibility to change the 
stroller are the three key reasons (Table 1) for leasing. 


Table 1. Three key reasons for not leasing or leasing a stroller are identified through an open-ended 
question in the survey 


Key reasons for not leasing Key reasons for leasing 
The resale value of the stroller Monthly payment option 
Some consumers prefer ownership No need to store the stroller after use and as it 


will be taken back 


Possibility to use the same stroller for the 2nd | Possibility to change the stroller as the needs 
child change 


The largest segment (i.e. 51% and 52% respectively) is the group of consumers that 
makes a conscious decision by comparing existing offers. For this segment, the total 
cost of ownership is the most important factor in decision-making. However, a large 
portion of this segment is willing to pay extra for convenience and they highly value 
environmental-friendly products. Respectively about 70% (who own a stroller) and 83% 
(who do not own a stroller) of this segment are willing to go for leasing if the convenience 
and an environmental-friendly product is part of the value propositions. This finding 
also confirms that the assumption, that “consumers in Sweden value convenience and 
an envirFonmentally sustainable product as part of the leasing offer” mentioned at the 
beginning of this paper is true. Furthermore, this study concludes that whether a consumer 
owns a stroller or plans to acquire a stroller does not have any significant influence on the 
perceptions about leasing a stroller instead of buying. All consumers in both categories 
perceive the leasing offer and its cost, convenience, and environmental-friendly products 
similarly. 
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Abstract. Various sustainability reporting tools (SRTs) already exist, such as ISO 
14001, Carbon Disclosure Project (CDP), and Greenhouse Gas Protocol (GGP). 
However, these tools focus on calculating total environmental impact for report- 
ing to external parties, rather than providing guidance to a company on obtaining 
measures needed to identify improvement potentials within its production. This is 
due to low granularity of data measurements dictated by the SRTs, since insights 
only available from higher granular data are typically needed to derive action- 
able improvements. Understandably, differentiating for which processes higher 
granularity is needed is not always straightforward. Thus, this paper presents a 
guideline concept to support manufacturers in determining the required data and 
data granularity to identify improvement potential, while also assessing the eco- 
logical impact of their production. Firstly, energy consumption (electricity and 
heat), water and material use are determined to be the most relevant measures. 
Secondly, a structured categorization of production steps is created. As a starting 
point, selected metal working processes according to DIN 8580 are incorporated 
into the guideline. Thirdly, the data/device hierarchy from the Reference Archi- 
tecture Model Industry 4.0 (RAMI 4.0) is used to define three data granularity 
levels. Finally, a structured approach for determining ideal data granularity for 
each production step is developed and applied to build an initial version of the 
guideline. An evaluation shows that the guideline recommends appropriate data 
granularities, promising to be a useful tool for manufacturers wanting to improve 
their ecological impact. 


Keywords: Data granularity - Environmental impact - Production 


1 Introduction 


The manufacturing industry is responsible for one third of global CO2 emissions [1]. 
To contain and minimize the negative consequences of human-caused environmental 
impacts, companies and legislators are attempting to counteract the harmful trend that is 
already emerging [2]. Due to political regulations e.g., the German Climate Protection 
Plan legislations such as the Climate Protection Act, CO2 pricing, or the EU taxonomy 
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are increasing pressure on companies to measure and report their environmental impact. 
Various guidelines provided by different rating and reporting organizations are available 
to direct companies in such measurements. However, these existing guidelines show 
shortcomings [3-7]. The core problem is the low granularity of measurement dictated by 
these guidelines. Often only the overall environmental impact of the company is required 
to be measured, rather than allocation to single product units or machines. Standards such 
as ISO 14001 or the CDP framework tend to address external stakeholders rather than to 
support internal identification, analysis and optimization of operational environmental 
impacts [3]. Especially not at the production machine level. The result is that energy 
consumption and environmental impact of the entire factory is known, while which 
production step or machine is responsible and where the impact can be reduced remains 
unknown. 

The goal of the research presented in this paper is to develop a guideline for manufac- 
turers to determine the data needed to identify improvement potentials, while assessing 
the ecological gate-to-gate impact of their production. The intended use is for a quick 
initial assessment of which data should be measured with which granularity for the main 
processes in the facility. With this knowledge a more informed decision can be made 
where to invest resources to collect data. 


2 Brief Overview of Common SRTs and Weaknesses 


To measure and report their environmental impacts, companies rely on various reporting 
and disclosure frameworks and standards, which are collectively known as corporate 
sustainability reporting tools (SRTs). A direct comparison of the most common SRTs 
shows that they focus mainly on information at the company level. Only ISO 14001 
addresses the process and product levels. Here however, the entire product life cycle is 
considered and not just gate-to-gate production. The comparison of common SRTs is 
summarized in Table 1, below. 

The shortcomings of the existing SRTs have already been shown. The existing efforts 
to improve STRs can be summarized into three groups. Firstly, efforts looking for an 
approach to make SRTs more accessible and easier to apply [3, 8, 9]. Secondly those 
aiming to use more data and a higher level of granularity to uncover their own optimiza- 
tion potential [1, 10]. Thirdly, those developing concepts to reduce uncertainties and 
assumptions in life cycle assessments (LCAs), to make more robust statements about 
environmental impacts [11—13]. The authors found no approaches including all three of 
these areas, which is a gap to guideline aims to fill. 


3 Development of Guideline 


3.1 Guideline Structure 


Based on the shortcomings of existing SRTs and the resulting challenges, the following 
four requirements (R1-R4) are defined for the guideline: R1: Indicators must be mea- 
surable, R2: System boundaries to gate-to-gate production, R3: Identify optimization 
potential & allow prioritization, R4: Easy to understand and apply. 
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Table 1. High-level qualitative comparison of the three most common SRTs. 


Coverage CDP GHG protocol ISO 14001 

Company level High High High 

Process level Low/none Low High 

Product level Low/none Low High 

Environmental PEF PCF PEF 

categories (PEF®, 

PCF*) 

Product lifecycle Cradle-to-Grave, Cradle-to-Grave, Cradle-to-Gate, 
Cradle-to-Gate Cradle-to-Gate Cradle-to-Grave, 

Gate-to-Gate 


‘Incl. ISO 14020, ISO 14025, ISO 14040/44, ISO 14067. 
bProduct Environmental Footprint. 
°Product Carbon Footprint. 


Firstly, the required data that the guideline recommends to be collected is derived 
based on the main ways production systems cause ecological impact [14, 15]. As a 
result, the following data types were selected: energy demand (electricity, heat), water 
demand, material use, process time (machine times in the four statuses off, start-up, idle, 
operation), and scrap amount. 

Secondly, a structure for the guideline is developed. Long-term, the guideline should 
be developed for all manufacturing processes, but for the initial concept version the 
authors have focused on discrete production processes. A classification according to 
DIN 8580 is adopted, which is a widespread standard that provides detailed main groups, 
groups and subgroups coving all discrete processes. To manage the scope, not all pro- 
cesses from the standard are included in the guideline; a selection is made based on 
which processes a) are relevant for the later application example and b) are frequently 
used in the context of discrete production. The following subgroups are included in 
the guideline: 2.1.1 Rolling, 2.1.4 Indentation, 2.2.2 Deep drawing, 3.1.1 Shear cutting, 
3.1.2 Knife cutting, 3.6.4 Solvent cleaning, 5.4.2 Electrostatic coating. See DIN 8580 
for descriptions [16]. 

Thirdly, to define levels of data granularity and to evaluate where information about 
the production steps in a manufacturing company is generated RAMI 4.0 is chosen. 
RAMI 4.0 is a popular conceptual architectural model created to provide companies 
with a framework for approach and deploying Industry 4.0 initiatives [17]. Specifically, 
the hierarchy dimension of RAMI 4.0 is adopted into the guideline, as shown in Fig. 1. 
RAMI 4.0, rather than the classical automation pyramid from DIN EN 62264 [18] was 
chosen because RAMI 4.0 was conceived specifically with manufacturing systems of 
the future in mind; with increasing connectivity across value, fewer companies will have 
a rigid hierarchy according to DIN EN 62264 or other standards, but rather take on a 
more flexible network structure [19]. 
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RAMI Hierarchy Levels Corresponding Guideline Data Granularity Levels 


Connected World 
Cross supply chain network incl. suppliers, other manufacturers 
and customers 


Enterprise 
Component for establishing plant schedule incl. production 
schedule, resource use, delivery and shipping and inventory levels 


Work Centers 
Unit for managing plant operations incl. production work flow, 
detailed production records and production optimizing 


Station 

Unit for monitoring, supervisory control and automatic control of 
production process 

Control device 

Programmable devices for automatic of steering individual 
machines 

Ficld device 


Components on individual machines, such as sensors and 
actuators 


Product 
Individual products being produced 


Fig. 1. Definition of guideline data granularity levels, based on RAMI 4.0 hierarchy levels [17]. 


3.2 Determining Data Granularity Levels 


Based on the guideline requirements, the required data, the seven selected manufacturing 
processes and the data granularity levels, an evaluation matrix is developed, which 
dictates a granularity level for each manufacturing process. The matrix consists of a 
list of process characteristics, their qualitative relative values, an evaluation of each 
value and the resulting recommended granularity level. Evaluating all characteristics 
together results in an overall granularity recommended for the process. 

The following characteristics are considered: machine power, process time (off, start- 
up, idle, run-time, operation), auxiliary materials (e.g., chemicals or lubricants), tool 
properties (weight and dimensions of the tool), heat (thermal energy demand), water 
demand and scrap. Machine power describes the maximum power that the machine can 
deliver. With a high maximum power, the influence on the granularity is generally high. 
Process time refers to the different electrical energy demand of a machine depending 
on the time of measurement. Typically, the energy demand increases sharply when a 
machine is started and then decreases again when it reaches the operating state. However, 
the energy consumption also varies when the machine is idle, i.e., between two work 
steps, and when the work is being performed. Thus, the process times have an influence 
on the actual energy consumption of a machine. Auxiliary materials such as coatings and 
lubricants are considered. These are typically used to prevent damage to the workpiece 
during processing such as forming. However, they must be removed again when the 
product is finished. The more auxiliary materials are used during the production of a 
product, the more effort (mechanical work, as well as use of water or other solvents) is 
necessary in the end to separate the auxiliary materials from the workpiece or product. 
Tool properties refer to the tool to be moved in the machine. This can be, for example, a 
small sharp saw blade or several punches or bolts moving up and down behind each other 
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to deform a metal sheet. Depending on the tool properties, the energy requirement, and the 
duration of the work to be performed change. Thus, the impact on granularity is also high. 
Heat, water consumption and scrap can clearly have a high influence on the required data 
granularity and vary among production processes. The scope of applicability considers 
whether a manufacturing process is usually used for different materials or products, or 
only one or few specific ones. If the scope of applicability is versatile and the influence 
on other characteristics is large, a higher granularity should be selected. 

Following the above approach, each characteristic is given a corresponding granu- 
larity level, resulting in a list of various granularity levels. If different granularity levels 
have been determined, the characteristics tool properties and scope of applicability are 
given higher weight. The following rules should be observed when selecting the gran- 
ularity. If the influence on the granularity of all characteristics is the same, then this 
granularity level is selected as the overall required granularity for the process. If the 
influence on the granularity of all characteristics is not the same, the granularity level 
selected for tool properties and scope of applicability determines the granularity, though 
strong variations tend to indicate that the assessment may have faults. In Table 2. Below, 
the evaluation matrix for deep drawing is shown as an example. 


Table 2. Data granularity evaluation matrix, applied on the deep drawing process. 


Characteristic Value Evaluation Granul 


Machine power High Large range of the machine power, incl. High | High 
energy consumption 
Process time Varies Depending on material and work piece size High 
Auxiliary materials Much Much lubricant is needed High 
Tool properties Heavy Massive stamp is moved High 
Heat No NA Low 
Water No NA Low 
Scrap No NA Low 


Scope of applicability | Versatile | Depending on the material, the force required | High 
differs significantly 


Resulting granularity High 


This procedure was carried out for all seven previously selected process types and 
resulted in a respective granularity level for each process type (Fig. 2). 


4 Application Use Case Evaluation 


For evaluation purposes, the guideline was applied to the production of a 50 by 20 cm 
aluminum canister (further details omitted for confidentiality). First, the production 
steps from the production of the canister were allocated to the DIN 8580 processes in 
the guideline (Fig. 2). Thus, the required granularity for each production step of the 
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aluminum canister can directly be read from the guideline. To evaluate whether the 
granularities recommended by the guideline are appropriate, the following question is 
posed for each production step: “would a higher data granularity level provide additional 
insights, or would a lower level provide similar insights with less effort?”. 


P 
Recommended 
< Granularity 


2 

£ 

2 

2 Process Type R Ea Indent. Deep Shear Knife (Solvent) Elecwost 

(from DIN8580) É Ea Forming Rava ing Ci eming JL Cutting Cleaning ( = 
= <a - 

z -= 
= - 
a BA Use Case H Shak aea Wl te cos H 
ge Production  lanking | Deaw i al Necking } > { Cutting >; ‘Threading Washing * Marking ' im i Painting ' 
se Steps | Lian beware CS SEE Ee vee. | SEN ae Ulasan 
2s | 


7) Low EI. Medium W High 


Fig. 2. Application of the guideline to the use case production steps, to determine appropriate 
data granularity level for each step. 


For the production steps marking and cutting, the guideline recommends the granular- 
ity low. In this context low granularity consists of process step information derived from 
high-level information from the enterprise resource planning system (ERP), rather than 
any direct measurements of the process and its machines. Closer evaluation reveals that 
marking and cutting have only very small contributions to the environmental indicators. 
Therefore, no significant optimization potentials are to be expected from analyzing the 
production steps in detail using medium or high granularity data. Thus, low measurement 
granularity is an appropriate recommendation for these two steps. 

For the production steps necking, threading, and washing, the guideline specifies 
a granularity level of medium. This means that the data should be collected at the 
production process level, for example using the manufacturing execution system (MES) 
or supervisory control and data acquisition (SCADA) systems. The medium granularity 
level for washing, for example, is justified because this is where most of the water needed 
for the cylinder production is used. A high granularity level is not necessary for washing 
since almost all the water consumption for the cylinder production occurs at this one step; 
few additional insights could be gained by measuring water consumption per product 
being washed, since this can simply be calculated by dividing total water consumption 
by number of products (of the same type) washed. 

For the production steps blanking, deep drawing and painting, the guideline recom- 
mends a high granularity. This is confirmed by the high influence of the three production 
steps on several of the environmental indicators examined. These steps have the highest 
energy requirements (in order: painting, deep drawing, blanking) of all steps, painting 
has a long process cycle time, all these steps use many auxiliary materials and heavy 
tools (blanking, deep drawing) and blanking is responsible for the most scrap. The addi- 
tional effort for measuring the data on field device or product level is justified by the 
insights that would otherwise be missed. For example, machine power, as well as scrap, 
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in relation to the sheet thickness for blanking, could only be measured at high granu- 
larity, and could reveal insights on whether machine settings are over-dimensioned and 
thus wasting energy and material. 


5 Conclusion 


The associated pressure from society and politics has led to companies having to mea- 
sure, disclose and ultimately improve their environmental impact. Various standards and 
frameworks already exist for this purpose. However, it has become apparent that these 
are more suitable for informing external stakeholders than for disclosing optimization 
potentials within the company’s own production. The main problem identified by the 
authors is a lack of granularity in the SRTs for allocating environmental impacts to pro- 
duction lines, machines or even products. Thus, the authors developed a guideline that 
specifies a level of granularity for seven manufacturing processes to not only determine 
the environmental impact of gate-to-gate production, but to also to identify opportunities 
to reduce this overall impact. The required data were defined in terms of energy, water, 
and material demand. To provide structure to the many different production techniques, 
the focus was initially limited to seven processes from the DIN 8580 standard. RAMI 
4.0 was then used to define the data granularity levels low, medium, and high. Finally, 
the required granularity level for each production step was determined by following a 
structure approach in the form of an evaluation matrix. An evaluation of the guideline 
on a real-life manufacturing system has shown that appropriate granularity levels are 
recommended by the guideline, confirming that it has potential to be a useful tool for 
manufactures wanting to reduce their environmental impact. 

Even though the guideline has recommended the right level of granularity in places 
where the production steps have a high impact, there is still room for improvement. 
Firstly, the same manufacturing process can vary strongly depending on the application 
and industry, potentially resulting in different ideal measurement granularities. Thus, 
even within the detailed catalog of DIN 8580 further differentiation would be valuable. 
Secondly, only a small selection of certain manufacturing processes has been considered, 
and further processes need to be added in order for the guideline to be applicable to more 
manufacturers. 

The authors find three main efforts most relevant for future research. Firstly, is to 
obtain more company data to validate the existing recommendations for the granular- 
ity levels for the reasons mentioned above. Secondly, additional production techniques 
within DIN 8508, and also outside the realm of discrete production, should be investi- 
gated and be incorporated using the same approach which this paper has shown to be 
effective. Thirdly, expanding the guideline to also recommend the required data accu- 
racy, in addition to the granularity, for different processes and situations could be of 
great value to manufacturers. 
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Abstract. Global trade of used clothing, which comprises a series of activities 
that connect the Global North to the Global South, has grown substantially over the 
years. This paper analyses the trade data of the export/import trade of used cloth- 
ing to provide an overview of global trade statistics and explores the sustainability 
impact of the used clothing trade. Both qualitative and quantitative secondary data 
were employed in the study. Analysis of export data revealed a declining trend, 
which may be attributed to the import bans of used clothing and new cheap imports 
from Asia. While the United States is constantly being the top exporter, and Pak- 
istan is the top importer, the value of exports grew the fastest in China during the 
last decade. Analysis of sustainability impacts revealed both positive and negative 
facts. Used clothing markets support thousands of livelihoods and provide afford- 
able clothing for those who live in poverty; however, the fast fashion phenomenon 
is threatening this important trade. Therefore, this study urges an investigation 
of alternative business models to reutilize clothing waste. Remanufacturing and 
recycling-based business models, when implemented in the Global South, could 
provide viable solutions to reutilize excess clothing while enhancing the sustain- 
ability benefits. Developing collaborative relationships among the stakeholders 
of the used clothing supply chain is immensely necessary to implement such 
disruptive business models and to capture values along the supply chain. 


Keywords: Used clothing - Sustainability - Supply chain 


1 Introduction 


The global consumption of used clothing has been increasing. According to the UN 
Comtrade data, the total value of used clothing exports in 2020 amounts to US$ 4 billion 
[1]. Although the used clothing trade is relatively small than the trade of new clothing, 
representing nearly 0.6%, it makes a significant impact on developing economies. For 
instance, the trade of used clothing carries a substantial value for some African countries, 
compared to the sale of new clothing, which accounts for over one-third of all garments 
purchased by Africans [2]. The demand for used clothing has increased since the 1990s, 
followed by the economic liberation of many third-world countries [3]. Currently, almost 
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all countries are involved in this trade, either as exporters, importers, or processors [4]. It 
is argued that the used clothing trade reflects the inequality among the world’s population 
and the differences in the level of economic development between the Global South and 
the North [5]. 

The used clothing supply chain is highly globalized, complex, and fragmented, which 
consists of various stakeholders and activities. This trade is also accompanied by smug- 
gling and illegal trade practices [4, 6], making it difficult to ensure its traceability. A 
typical supply chain of the used clothing trade includes charities, commercial waste col- 
lectors, sorters, exporters, importers, wholesalers, and market traders. Used clothes are 
collected by charities and commercial waste collectors in the Global North sorted based 
on the quality, garment types, or fabric types, and exported to be reused in the Global 
South, where most of the consumers cannot afford to pay for new clothing. However, 
this trade is affected from time to time by trade policies, import bans, and changes in 
taxes and tariffs [3, 7]. Regardless of the obstacles, the used clothing trade has grown 
into a profitable global business. It has become a million-dollar global business that is 
spread among various geographical regions, which means the sustainability impacts are 
appearing on a global scale as well. 

The used clothing trade gained less attention in the scholarly literature and the studies 
focused on the Triple Bottom Line (TBL) sustainability impacts of this trade are limited. 
However, with the ever-increasing quantities of discarded clothing and their overflow 
from the Global North to the South, it is becoming important to explore this trade in 
terms of its global scale and the TBL sustainability impacts, which are little understood 
so far. On the other hand, TBL sustainability of this trade is questionable due to lack of 
transparency in its global supply chain. To fulfill the gap, this paper aims to formulate 
an overview of the North-South used clothing trade statistics, recent trends, and its 
contribution to TBL sustainability. 


2 Methodology 


Given the intention of this study of developing an understanding of the global used 
clothing trade and its sustainability impacts, the paper draws on secondary literature to 
conduct a review work. Both qualitative and quantitative secondary data were employed 
in the study. A quantitative trade data analysis was conducted using the data extracted 
from the UN Comtrade database for the HS code 6309-textiles; worn clothing and other 
worn articles. Global import/export values for ten years (2010-2020) were extracted and 
analyzed to provide an overview of the used clothing trade statistics and recent trends. 
Secondly, a systematic literature review has been conducted to gain insight into the sus- 
tainability impacts of the global used clothing trade. A broader search was conducted 
using keywords of “used cloth*”, “secondhand cloth*’, “sustainability”, or a combina- 
tion of them. The search was limited to the papers published since the year 1990 and 
were written in English. The search resulted 234 articles from the Scopus database. The 
articles were first screened by reading the titles and abstracts to exclude the articles 
that were not directly relevant to the used clothing trade and its impacts. For exam- 
ple, papers were excluded because they focused on textile recycling and sustainability 
benefits. The first screening yielded 51 articles. A full-text reading was carried out in 
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the second stage of the screening process and further 36 articles were excluded, which 
were mostly focused on consumer attitudes toward used clothing. There were 15 articles 
selected for the analysis. The articles were categorized based on their impact on the TBL 
sustainability and analyzed in Sect. 3.2. 


3 Results 


3.1 Global Used Clothing Trade 


The used clothing trade is spread across various geographical regions in the world. 
Table | presents a summary of the analysis of the average annual exports of the top 
10 exporters of used clothing between 2010 and 2020. Major exporters are the USA, 
UK, Germany, and the Republic of Korea. While historically used clothing exports were 
limited to the Global North, there is an increasing trend that countries in the Global 
South position themselves as exporters. For instance, in 2020, China has become one 
of the top three exporters of used clothing in the world. Between 2010 and 2020, the 
value of used clothing exports grew the fastest in China from US$10 million in 2010 to 
US$382 million in 2020, with an average annual growth rate of 56%. The USA remains 
the largest exporter in terms of both value and volume in the last 10-year period. After 
2018, a declining trend in world exports can be observed. This may be largely attributed 
to the import bans/ restrictions imposed by some African countries in 2019. 


Table 1. Annual average exports of top 10 exporters for the period of 2010-2020 


Annual average (+SD) Exports (volume) Annual average (+SD) Exports (value) 
Country Quantity (1000 tons) Country Value ($ Million) 
USA 755 + 27 USA 639 + 74 
Germany 496 + 29 United Kingdom 503 + 79 

United Kingdom 351 + 22 Germany 416 +57 

Rep. of Korea 303 + 19 Rep. of Korea 315 + 40 

Japan 226 + 28 China 200 + 130 
Netherlands 167 + 14 Netherlands 198 + 26 

China 165 + 107 Canada 150 + 31 

Italy 147 + 16 Poland 146 + 46 

Poland 141 + 44 Belgium 138 + 17 

United Arab Emirates 133 + 106 Italy 130+ 11 


Analysis of the export values of used clothing based on continents revealed that 
Europe is leading the world exports of used clothing with a percentage contribution of 
51%, followed by Asia (27%). Within the European continent, the major contributor 
to the export trade is the United Kingdom, followed by Germany, Netherlands, Poland, 
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and Belgium (Fig. 1). Contribution to total exports from the United Kingdom, Germany, 
and the Netherlands has declined over the years, while the share of Poland has risen. 
Belgium, Italy, France, Lithuania, and Switzerland have maintained a steady supply for 
over a decade, but the share of the rest of the European countries is growing. 
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Fig. 1. Percentage contribution to the exports in Europe by value 
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Fig.2. Average annual import value of top 10 importers for the period of 2010-2020 


Figure 2 presents the average annual import values of the top 10 importers of used 
clothing between 2010 and 2020 by value. The leading five importers of used clothing are 
Pakistan, Russian Federation, Malaysia, Ukraine, and the Netherlands, with an annual 
average of more than US$100 million. The analysis revealed that imports of used clothing 
grew more than doubled in the Netherlands (127%) and Guatemala (119%) over 10 years, 
whereas Pakistan recorded a growth rate of 89% between 2010 and 2020. The import 
trade is not exclusively targeted at the South, significant amounts go to countries such as 
Netherlands and Poland. However, these European countries have large sorting facilities, 
which often represent interim destinations for used clothing. 
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3.2 Sustainability Impacts of the Used Clothing Trade 


Analysis of trade data revealed that the used clothing trade stretched over a wide array of 
geographical regions, however, among the existing studies, many are devoted to African 
countries, which are considered leading destinations for used clothing. According to 
trade data, Asian counties such as Pakistan, Malaysia, and India are listed among the 
top 10 importers of used clothing, which deserve equal attention in the research agenda. 
An analysis of the TBL sustainability of the used clothing trade based on the existing 
literature is presented in this section. 


Environmental Impacts. The used clothing trade brings positive environmental 
impacts in terms of pollution reduction and resource conservation. Extending product 
life by reusing garments is the best way to minimize virgin material requirements and 
the energy used in the extraction and processing of raw materials. Extending garment 
life will also recapture material value, reduce waste and pollution, and the number of 
new items that are otherwise purchased. For example, the purchase of 100 used garments 
would save between 60 and 85 new garments, depending on the place of use, and cause a 
14% reduction in global warming in the case of the cotton T-shirts or a 45% reduction in 
human toxicity for the polyester/cotton trousers [8]. Furthermore, for every kilogram of 
virgin cotton replaced by used clothing, 65 kWh energy is saved, and for every kilogram 
of polyester replaced, 95 kWh is saved [9]. The carbon emission that occurred by the 
transportation of used clothing bales is found to be less compared to the carbon emitted 
from new clothes manufacturing [10]. These factors indicate significant environmental 
benefits of the direct reuse of clothing. 

However, the rapid development of the fashion industry and the fast fashion phe- 
nomenon have significantly contributed to generating massive quantities of waste, which 
in turn fueled the growth of the used clothing trade. The average number of times a gar- 
ment is worn before disposing of has decreased significantly, which means technically the 
materials of discarded clothing must be of good quality. However, fast fashion garments 
are found to be poor in quality, and therefore, traders are facing difficulties to sell them 
in destination markets. That means the recipient countries such as Africa are becom- 
ing dumping grounds for excess, low-quality fast fashion clothing [11]. Furthermore, 
an oversupply of used clothing is likely to encourage overconsumption and throwaway 
culture in destination markets because used clothing is readily available and affordable 
[12]. This may lead to a devastating situation and hinder the environmental benefits of 
clothing reuse. 


Economic Impacts. The used clothing industry plays an important role in generating 
new employment opportunities. The types of jobs include collection, sorting, transporta- 
tion, repair, washing, reconstruction, packaging, and trading [13]. In Rwanda, every 
$10,000 spent by consumers on used clothing supports 4.8 full-time workers annually 
[14]. In Kenya, the used clothing industry employs more people than domestic manu- 
facturers [15]. Apart from that, this trade generates government revenue from import 
tariffs, issuing trade licenses, and renting market stalls [3]. New business models are 
becoming apparent, where the tailors and designers work on restyling used clothes to 
fit the local consumer and culture [16]. When comparing the prices of new and used 
clothing, new clothing costs three to four times more than used clothing. For instance, 
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a men’s new shirt costs around US$ 14.5—21.8, whereas a used shirt costs around US$ 
1.81-7.20 [17]. 

However, the trade receives frequent criticism for undermining the local apparel 
industry. For instance, the used clothing trade created a 40% decline in production and a 
50% decline in employment in Africa between 1981-2000 [18]. Used clothes are found 
to be cheaper than locally manufactured clothes, and the factory production could not 
compete with the cheap prices, which caused the closure of garment factories, mainly 
in African countries [7, 19]. To safeguard domestic manufacturing industries, either 
import bans have been implemented or import restrictions are imposed in many African 
countries [5, 7]. Regardless of import bans, smuggling and other illegal practices are 
accompanied by the trade. For example, the import of used clothing is prohibited in Iran, 
but smuggling caused setting up permanent stores for used clothing without any legal 
fear [13]. 

Opening up a bale does not always lead to a recovery of the cost for traders in the 
destination markets, as some items are found to be poor quality, dirty, unfashionable, 
and ripped [20]. Bales include various items such as warm weather t-shirts, and shorts as 
well as undesirable items such as curtains and coats [5]. Power inequality in the supply 
chain and supply and demand imbalances allow exporters to cheat importers by adding 
undesirable items and gaining benefits of currency fluctuations [5]. 


Social Impacts. The used clothing trade is recognized as an important sector for poverty 
alleviation in developing countries. This trade includes several labor-intensive activities 
such as collection, sorting, washing, transportation, and trading. Engaging in such activ- 
ities allows people to generate income and support their families. Women are often 
engaged in this business because barriers to entry are low and they can support their 
family income as well as become self-reliant [19]. This trade also provides clothes at 
affordable prices, which is one of the basic needs for those who live in poverty. Used 
clothing is sold for 10-20% of the price of new clothing [13], which creates a greater 
demand among the majority of the population with low purchasing power [7]. Due to 
high quality and affordability, used clothing is preferred over locally made clothing 
[13]. In the Global North, the used clothing trade supports charities by raising funds for 
humanitarian aid [8]. 

However, the consumption of used clothing is associated with health and hygiene 
issues. Skin diseases and louse scabies diseases are some of the risks of using them [13]. 
Traders have to face some uncertainties associated with buying and selling used clothing 
such as quality and quantity issues [20]. Apart from that, cultural issues are associated 
with used clothes as Western clothes are often found to be unsuitable for African culture 
and beliefs. 


4 Discussion and Conclusion 


Even though used clothing markets are well established, there are rising sustainabil- 
ity issues associated with the trade. The main concern is that the used clothing trade 
undermines the local manufacturing sector, thus countries are increasingly discussing 
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the possibility of banning used clothing imports. Analysis of trade data shows a declin- 
ing trend of exports, yet in general, fast fashion is dominating consumption patterns 
in the North and thus, clothing disposals are growing. Therefore, it is vital to look for 
alternative avenues to reutilize them without further harming the environment. Reusing 
in a circular economy emphasizes local reuse and engaging retailers in the circularity 
process. For instance, there is an emergence of retailer-owned used clothing lines, which 
would help to overcome the sustainability issues associated with overseas used clothing 
markets, offer new opportunities for reuse models, and create new customer segments. 
Retailer-driven product take-back and resale models would increase customer returns 
and repurchase trends and boost the local consumption of used clothes. The fundamental 
for future success is to rearrange the used clothing supply chain by providing a promi- 
nent place and responsibility to fashion retailers and brand owners. They are currently 
disconnected from the used clothing supply chain, but their involvement is immensely 
necessary to develop new business models and to achieve TBL sustainability of the trade. 

Waste and quality issues in the used clothing supply chain are almost hidden. More 
research is needed to investigate this issue using empirical data. The establishment of 
remanufacturing centers in the Global South to restyle used clothing and sell them back 
in the retail store in the North would bring more sustainability benefits to the trade, rather 
than simply attempting to resell unsuitable stock in destination markets. Moreover, the 
possibility of shifting the sorting and recycling facilities to developing countries should 
be investigated, which may provide cheap labor, create job opportunities for the poor, and 
reduce waste in landfills. Meanwhile, supply chain traceability must be enhanced, and 
collaborative relationships must be developed among stakeholders to understand how to 
recapture the maximum value of the goods along the supply chain. More research should 
be devoted to investigating the TBL sustainability impacts on the entire supply chain, 
which should include activities beyond trading such as collection, sorting, transportation, 
and processing of used clothes. 
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Abstract. Industry and research are seeking answers to current demands in indus- 
trial value creation, like resilience of production, sufficient product quality and 
sustainability of products and processes. A novel line of thought, seeking the 
accomplishment of those is the Biological Transformation (BT). BT describes 
the interweaving of biological modes of action, materials and organisms with 
engineering and information sciences. The conflation of disciplines from natu- 
ral, technical and social sciences yields in a heterogeneous field of activities with 
ambiguous technical terms. An ascertainment of principles of BT is required to 
classify yet undifferentiated patterns in nature-based production, facilitating their 
systematic implementation in aiming for sustained solutions on current challenges. 
With increasing research in biomimetic, attempts arise to capture nature-based 
activities in manufacturing through schematic classifications. Yet, basic seman- 
tics representing the effective principles of BT in the manufacturing industry is 
lacking. 

The goal of this publication is to introduce a taxonomy of Biological Transfor- 
mation in manufacturing based on its core principles Bio Inspiration, Bio Integra- 
tion and Bio Interaction. Within the research project BioFusion 4.0, the taxonomy 
was developed and applied to classify technology innovations. The paper presents 
the taxonomy, its development and application in use cases. 


Keywords: Biological transformation - Manufacturing - Sustainability - 
Taxonomy - Biomimicry - Use cases 


1 Introduction 


Industrial companies are in constant progress, moved by trends and long-lasting conver- 
sion. Increased public awareness of sustainability issues, increasing political constraints 
for environmental protection, resource scarcity and supply chain shortages characterize 
today’s market. Mastering these challenges while ensuring product quality with new 
industrial technology solutions is perhaps the most crucial task of the present time. The 
internet of things, artificial intelligence, big data or digital twins are promising innova- 
tions for that matter [1]. On multiple levels in industry and research digitalization and 
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Industrie 4.0 are being demonstrated to offer the potential to fundamentally improve var- 
ious aspects of production such as quality, costs, and sustainability [2, 3]. To this regard, 
Biological Transformation (BT) is an emerging development in the field of Industrie 
4.0. When applied in manufacturing this concept involves the systematic application of 
processes, principles and resources from biotic nature in technical systems by means of 
information technology [4]. Systematically applying knowledge about principles of BT 
in manufacturing is key to achieving promising effects like ecological stability, social 
well-being and economic resilience in production. This paper focuses on establishing a 
common language for and a clear definition of BT. 


2 Biological Transformation in Manufacturing Industry 


For the definition of BT in manufacturing, its historical development as well as the 
relevant fields of action, Industrie 4.0 and digitalization, are analyzed in the following. 


Bioinspired Manufacturing. The transfer of biological forms and functions to tech- 
nical application fields is first defined as bionics by J.E. Steele [5] and expanded by 
W. Nachtigall to include “aspects of the interaction of animate and inanimate systems 
as well as the economic-technical application of biological organizational criteria” [6]. 
As a scientific discipline, bionics is also termed biomimicry, biometics, biomimesis. In 
design and engineering in particular, databases of biological information sources, are 
already providing support via context-sensitive search with increasing prominence under 
the term biologically inspired design (BID) as a design movement for environmentally 
sustainable development [7, 8]. Evolving bionic ties in with new technical possibilities 
of nano-, bio-, information & communication technologies as well as cognitive sciences 
and artificial intelligence, which in the longer term is described as converging tech- 
nologies [9]. In the context of technical innovations, Gleich [10] speaks of evolutionary 
generalizable optimization principles at the molecular level up to the ecosystem. 


Industrie 4.0 and digitalization In Manufacturing. Focusing on the industrial man- 
ufacturing environment, the merge of the physical and virtual world marks the fourth 
industrial revolution, where production and information & communication technologies 
are converging. The vision of Industrie 4.0 describes a highly flexible, resource-saving 
and urban-compatible production. At the heart of Industrie 4.0 is the smart factory, where 
humans and machines work hand in hand, supported by intelligent assistance systems 
[11]. Technological progress and the accompanying digitization, in the sense of the 
process of introducing and using digital technologies [12], are leading to far-reaching 
transformation processes at the economic and social level. 


Biological Transformation. From a production engineering perspective, the BIO- 
TRAIN study defines “biointelligence” as the interaction of technical, biological and 
IT systems [13]. Generally, BT is understood as the transfer of principles of natural 
systems to technical materials, structures and processes, aiming for sustainable value 
creation [14]. Key concepts of BT are inspiration, integration and interaction [15]. On 
international level, the white paper “Biologicalisation: Biological transformation in man- 
ufacturing” describes these concepts from a production technology perspective [16]. 
Based on the state of the art in literature, the following definition is derived: 
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Biological Transformation in manufacturing is a holistic approach to change 
industrial value creation towards sustainable optimized product and produc- 
tion systems, by an accelerating convergence of technical, digital, and biologi- 
cal systems in the manufacturing environment. BT proceeds in three complemen- 
tary developmental modes: (1) the integration of biological materials, structures, 
organisms, processes and functionalities, (2) the inspiration by nature and the 
transfer to the design of products and manufacturing technologies as well as (3) 
the interaction of the bio- and technosphere by means of information technology. 


Existing classification schemes in scope of BT make biological information accessi- 
ble to engineers and product designers for innovation processes [8, 17]. As a recognized 
approach the Biomimicry Taxonomy supports the inspiration from nature by classifying 
its functions by a terminology, comprehensible for non-biologists [8]. However, it does 
not fully capture the integration of biological into technical systems or the interweaving 
of biological, technical and IT systems. Following the given definition of BT and the 
potentials of a synergetic convergence of BT with Industrie 4.0, the herein presented tax- 
onomy of Biological Transformation in manufacturing is addressing this research gap, 
by giving a systematic and more comprehensible overview of effective principles of BT. 
Providing this knowledge base is the first and essential step in enabling sustainability in 
manufacturing by means of the Biological Transformation. 


3 Taxonomy Development and Presentation 


3.1 Methodological Approach 


A methodology widely established in information science to develop taxonomies was 
created by R. Nickerson [18]. The taxonomy of Biological Transformation in manu- 
facturing was developed using an updated version of this methodology, ensuring that 
outcome and process are easily understood by a wide range science groups [19]. 

The deductive methodology was chosen following the basic subdivision of BT in 
the principles Bio Inspiration, Bio Integration and Bio Interaction by Bauernhans! [13]. 
The first taxa were chosen accordingly. Pre-collected characteristics were classified 
into the taxonomy and additional taxa were deductively derived. Subcategories of Bio 
Inspiration, Bio Integration, and Bio Interaction were fanned out to modes of action. Bio 
Inspiration was divided through concepts that describe how and in which forms natural 
functionalities can be adopted. Herein, the subcategory resilience was further divided by 
concept of J. Benyus [20]. The subcategory principles of circularity derived from [21, 
22, 23]. The subcategory self-x was divided by concepts of Speck et al., Gleich et al., 
Miiller-Schloer et al. and Gausemeier et al. [24—26, 26]. The subcategory functional 
morphology was divided by concepts of W. Nachtigall [28] and subcategory biomimetic 
information modelling and processing by a concept described in VDE Norm 6225 [29]. 
Categories in Bio Integration derivated from Matyushenko et al. [30] followed by a 
broad literature research on principles in biotechnology. Bio Interaction was divided 
into subcategories, on basis of the IPO-model [31] known from computer sciences, and 
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with Input of the German Standardization Roadmap on Artificial Intelligence, the High- 
Level Expert Group on Artificial Intelligence [32, 33]. Herein, biological intelligent 
information processing and biointelligent communication were divided by concepts of 
W. Wahlster [34], biohybrid actuation following the work of Ricotti et al. [35]. 


3.2 The Taxonomy of Biological Transformation in Manufacturing 


The taxonomy is organized hierarchically by the three core principles Bio Inspiration, 
Bio Integration and Bio Interaction, visualized in the following Fig. 1. 

Within the core principle of Bio Inspiration 28 operating principles are organized 
into the five groups resilience, principles of circularity, self-x, functional morphology 
and biomimetic information modeling and processing. The core principle Bio Integra- 
tion comprises the six groups biosynthesis, biosubstitution, biodegradation and decom- 
position, bioenergetics, biotherapeutics and biomodification. Within these, 18 effective 
principles are classified. Nine principles can be divided under the core principle Bio Inter- 
action, which are grouped into biosensors, biological representation, biointelligent infor- 
mation processing, biohybrid actuation and biointelligent communication. This results 
in a total of 55 taxa, the principles of Biological Transformation in manufacturing, which 
are currently included in the taxonomy. 


3.3 Validation of the Taxonomy with Industrial Use Cases 


To investigate BT in the manufacturing environment and along a product’s lifecycle, 
seven use cases are elaborated in the research project BioFusion 4.0. The use cases cover 
various industrial product and manufacturing solutions, ranging from digital twins in bio 
inspired product engineering, ecological intelligent services for production, intelligent 
recirculation of materials, biologically optimized process simulation of milling processes 
[36], bionic integration for networked production systems [37], additive manufacturing 
with biogenic and biodegradable polymers, up to biointelligent assistant systems for 
workers. These were used to validate the applicability of the taxonomy. For demonstra- 
tion purposes the latter two are detailed in Table 1 and thereafter classified as per the 
taxonomy. With reference to the procedure for bionic design in VDE Standards 6226 and 
6220 Part 2 [38, 39], the principles were allocated to the use cases in expert workshops 
via iterative analysis processes with methods of analogy mapping. 


Use Case 1. An active exoskeleton responsive through physiological sensors fulfills the 
principle of human-technology-interfaces as part of biointelligent communication. Thus, 
the core principle Bio Interaction is applied. By suggesting less stressful postures and 
patterns to the workers, based on sensory ergonomic data, the workers are enabled to 
self-optimization of their ergonomic posture. Also, the enabling of information-driven 
adaptability of working modes leads to increased resilience of the production system as 
fewer absences due to health reasons result. Thus, the core principle of Bio Inspiration 
is brought into effect. 


Use Case 2. Processing of disposed cooking oil by microorganisms into usable raw 
material is a principle of biodegradation, namely bioconversion. Simultaneously this 
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Fig. 1. The taxonomy of Biological Transformation in manufacturing (authors own illustration) 


establishes the principle of anabolism in biosynthesis. The following utilization of the 
produced biopolymer in 3D printing instead of fossil polymers realizes the principle 
biogenic resources and because the biopolymer is nontoxic when handled by humans 
the principle of biocompatible materials is met in the use case. Thereby the core principle 
of Bio Integration is applied. The reuse of biogenic waste as a raw material establishes a 
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Table 1. Use cases and technological solutions for biological transformation 


Use Case 1: Biointelligent assistant systems for worker 


Challenge Physiological stress for worker during manual work in production 
environment; unclear impact on workers’ health, unclear progress of 
manual tasks 


Solution Supporting worker during manual tasks with exoskeleton, equipped 
with sensors; monitoring of physical burden and work progress 

Core functions Data collection with sensors; support with actors; optimization of 
work mode 

Context of use Wearing during manual assembling by worker to monitor health 


indicators and work progress at the same time 


Application Scenario | Assembly of automotive components, i.e. module for electric 
batteries as a high stress operations on health state of workers 


Added Value Increased ergonomics; reduced chronic physical overload; increased 
transparency on assembly quality 


Use Case 2: Additive manufacturing with biogenic and biodegradable polymers 


Challenge Limited resources; linear value creation; high amount of waste while 
still high need for new components and products 

Solution Usage of waste to produce bio based material for 3D-printing 

Core functions Processing and combination of material; creation of physical systems 

Context of use Printing of components for temporary usage that are biodegradable 


Application Scenario | Disposed cooking oil is microbiological converted into biopolymer 
PHB, which is employed to 3D print consumable parts of tools in 
industrial production or disposable medical device, like orthosis 


Added Value Reduced resource use; Increased recycling quota 


bioinspired principle of circularity, namely the principle of circularity of resources. The 
symbiosis is an important part to ensure circularity in ecosystems. The collaboration 
within the use case exists between producers of food waste, (communal) collectors of 
recyclable materials and recyclers, processors of polymers, and industrial companies, 
resulting in a closed loop recycling of materials. The primary raw materials, taken from 
nature for the production of edible oil, are ultimately returned to it through biological 
treatment of the bioplastic. The principle balance of stock takes effect. 


4 Conclusion 


The presented taxonomy for Biological Transformation in manufacturing provides a 
systematic overview of relevant principle effective in the interfaces of nature, technology 
and information technology. As technology is further evolving opportunities arise to 
facilitate BT in manufacturing, which requires a constant update of the taxonomy to 


Taxonomy for Biological Transformation Principles 987 


make it a useful instrument for this progression. Particularly, the research on artificial 
intelligence and bionic information processing is evolving rapidly, setting new standards 
to be aligned within the taxonomy. As the ultimate goal of BT in manufacturing is 
sustainability, a necessity exists provide enabling means to industry stakeholders to 
identify and apply principles of the taxonomy in sustainable innovation processes. 
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Abstract. The seminal and widely cited paper of Hart (1995) on the natural 
resource-based view of the firm, advocates that the source of competitive advan- 
tage in the imminent future will be rooted in emerging sustainable manufacturing 
capabilities. In order to understand how these capabilities, namely pollution pre- 
vention, product stewardship and sustainable development [clean technology] are 
acquired over period of time, Hart (1995) proposes two competing theories of 
path dependency and embeddedness. However, there is lack of empirical research 
on investigation of these two theories. The current study is undertaken to bridge 
this gap. The paper analyses the available sustainability reports of two multina- 
tional firms spanning across a number of years to derive insights on the validity 
of the two theories. The case observations reveal that the two theories in focus are 
not necessarily competing in nature but can coexist. The study adds theoretical 
insights to the literature and provides pointers towards future research directions 
in the field. 


Keywords: Natural Resource Based View - Sustainable Manufacturing 
Capabilities - Sustainable Manufacturing Practices - Path Dependency - 
Embeddedness - Pollution Control - Pollution Prevention - Product Stewardship - 
Clean Technology 


1 Introduction 


Hart (1995) propounded the natural resource-based view (NRBV) of the firm using the 
argument that in the long run, businesses and markets will be constrained by and depen- 
dent upon the natural environment. Based on a firm’s relationship to natural environment, 
three types of sustainable manufacturing (SM) capabilities are conceptualised within the 
NRBV framework: pollution prevention (PP), product stewardship (PS) and sustainable 
development [clean technology (CT)] (Hart, 1995; Hart and Dowell 2011). These capa- 
bilities are shaped by different driving forces and provide different competitive benefits 
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(Hart 1995; Hart and Dowell 2011; McDougall et al. 2019). Companies can employ 
pollution control (PC) besides PP for pollution abatement (Hart 1995). However, PC is 
a reactive approach which employs highly expensive, end of pipe solutions to arrest the 
generated effluents by a firm (Hart 1995; Baines et al. 2012). While, PP proactively aims 
at minimising the generation of emissions, effluents and waste through internal process 
improvements, resource conservation and provides a firm with low-cost competitive 
advantage in manufacturing (Hart 1995; Hart and Dowell 2011; Baines et al. 2012). PS 
considers the entire value chain to help lower the product’s life cycle cost by enhancing 
its use productivity, recyclability, disassembly and disposability; thus, enables a firm 
to gain differentiation in the market (Hart 1995; Hart and Dowell 2011; Baines et al. 
2012; McDougall et al. 2019). CT is attributed to breakthrough innovations in sustain- 
able product and process design, that create disruption in the market (Hart and Milstein 
2003). These are focussed on future positioning to provide first mover advantage to the 
firm (Hart and Dowell 2011). These four capabilities fall into a spectrum, in the order 
of PC, PP, PS and CT. PC is a reactive capability and other three are proactive with CT 
being the most proactive of the three (Hart 1997). 

In order to understand how SM capabilities are built and specifically, their possible 
interconnections, Hart (1995) proposes two competing but paradoxical theories, namely, 
path dependency and embeddedness. Path dependency indicates sequential development 
of capabilities, on the contrary, embeddedness reveals concurrent development of capa- 
bilities. However, research on the practical existence of NRBV resources and capabilities 
in general and the interconnectedness of capabilities in particular is still in its infancy 
(McDougall et al. 2019). Fowler and Hope (2007), McDougall et al. (2019) and Shukla 
and Adil (2021) make noticeable attempt towards this. These papers conduct empirical 
investigation of SM capabilities through a case study of an outdoor apparel company, 
interviews with experts from the UK agri-food sector and a case study of a paint man- 
ufacturing company, respectively. The research findings reported in the above papers, 
provide support for embeddedness of SM capabilities but not for path dependency. What 
patterns emerge in other contexts still need to be researched to generalise such findings. 
The current study describes the research propositions of Hart (1995) in section two. Then 
in section three, it analyses sustainable manufacturing practices (SMPs) implemented 
by two multinational firms over a period of time to investigate if capability development 
shows a pattern of path dependency or embeddedness. Conclusions of the study are 
drawn in section four. 


2 Research Propositions 


Two theories of NRBV, viz., path dependency and embeddedness are described next. 


Path Dependency: Path dependency indicates that acquiring one capability becomes a 
pre-requisite for acquiring another (Hart 1995) and it demonstrates linear orchestration 
of resources (McDougall et al. 2019) (see Fig. 1). 

Propositions on path-dependency (see Fig. 1) restated from Hart (1995) are: Proposi- 
tion 1-PS is dependent upon a firm’s prior capability in PP; Proposition 2-Development 
of CT is dependent upon a firm’s capability in PP and PS. 


992 B. Pande et al. 


Pollution Prevention Product Stewardship Clean Technology 


Fig. 1. Path dependency of sustainable manufacturing capabilities (Adapted from Hart 1995). 


2.2 Embeddedness: Embeddedness reveals that capabilities reinforce each other and 
are developed in parallel (Hart 1995; Fowler and Hope 2007) (see Fig. 2). 
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Fig. 2. Embeddedness of sustainable manufacturing capabilities (Adapted from Hart 1995). 


Propositions on embeddedness restated below from Hart (1995) are: Proposition 3- 
PS facilitates and accelerates capability development in PP and vice versa (see Fig. 2a); 
Proposition 4- Development of CT facilitates and accelerates capability development in 
PP and PS and vice versa (see Fig. 2b). 


3 Case Study 


This section presents case studies of two manufacturing firms belonging to textiles 
and chemical industry, examining Hart’s propositions on the interconnectedness of SM 
capabilities. Both the firms in this study are known for creating significant environmental 
impacts. 

Mintzberg and Waters (1985) assert that the realised strategies in a firm are a prod- 
uct of its deliberate and emergent strategy. Accordingly, for the purpose of this study, 
implemented SMPs and those planned in future are treated as reflection of SM strategy 
of the case companies. The relevant data pertaining to SMPs are extracted from sus- 
tainability reports (Birla Cellulose, 2012-2021; Asian Paints 2014-2021). These SMPs 
are categorised into PC, PP, PS and CT as per their characteristics. Primarily, effluent 
treatment and discharge related SMPs were grouped under PC (see, Baines et al. 2012; 
Shukla and Adil 2021); SMPs employing continuous process improvements aimed at 
emission reduction, waste (hazardous and non-hazardous) minimisation and resource 
(energy, water and materials) conservation were grouped under PP (see, Rusinko 2007; 
McDougall et al. 2019); product life cycle design and management based SMPs were 
grouped under PS (see, Hart and Milstein 2003; Rusinko 2007). Further, SMPs involv- 
ing breakthrough innovations in products and processes for which the firm claimed to 
have filed patents or be the first company in the industry to have implemented these or 
described as next generation solutions (implemented or planned) were grouped under CT 
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(see, Hart and Dowell 2011; McDougall et al. 2019). For each SMP, the first time it was 
reported is treated as the year of implementation. In case of future SMPs, planned year 
is treated as year of implementation in the analysis. Analysis of each case firm in two 
parts: (a) its SM capability development journey; and (b) interconnectedness between 
SM capabilities is presented next. 


3.1 Company A (Birla Cellulose): The company is a leading producer of viscose sta- 
ple fibres and other man-made cellulosic fibres in the global market. Data from avail- 
able sustainability reports of the firm, covering the period between 2012-2021 (Birla 
Cellulose, 2012-2021), were extracted and analysed. 


a) SM capability development journey 

Pollution Control: Firm A’s SMPs based on “end of pipe” method include: (a) instal- 
lation of effluent treatment plant (ETP) for treatment of generated waste water and 
cooking chemicals to meet regulatory requirements; (b) reduction in waste sent to land- 
fill and for incineration by selling the by-product of manufacturing as a raw material for 
other industrial applications; (c) reduction of colour in treated effluents through physio- 
chemical means to improve the waste water quality; (d) installation of reverse osmosis 
technology to recycle waste-water to reduce freshwater consumption and (e) becoming 
world’s first cellulosic fibre manufacturer for implementing zero liquid discharge (ZLD) 
technology successfully and reaching a level of zero pollution load due to wastewater. It 
is to be noted that SMPs (b), (c) and (e) are sequentially developed and are undertaken 
to supplement SMP (a). Whereas SMPs (c) and (d) are developed in parallel. This shows 
traces of both path dependency and embeddedness of SMPs within the domain of PC 
itself. 

Pollution Prevention: The firm has been proactively taking steps in waste minimi- 
sation and resource (energy, water and materials) conservation leading to significant 
reduction in generation of emissions. Through incremental process improvement towards 
emission reduction, the firm has achieved 37% reduction by the year of 2021 and 70% 
reduction is targeted by the year 2022, over the reference year of 2015. It is the first 
company in the man-made cellulosic fibre industry in the world, to have achieved car- 
bon neutrality in scope 1 and scope 2 of greenhouse gas (GHG) emissions as per the 
GHG protocol corporate standard (Greenhouse Gas Protocol, no date). This is achieved 
through their sustained efforts in developing energy efficient processes, use of renewable 
energy and ensuring net growth of the forest cover managed by them. Going forward, 
the firm aims to achieve carbon neutrality in GHG protocol scope 3 standards by 2040. 
Notably, it has achieved incremental reduction in consumption of water, energy and 
materials through continuous process improvements along with the application of 4R 
principle of reduce, reuse, recycle and regenerate. 

Product stewardship: The firm is a leader in PS initiatives in the man-made textile 
fibre industry as its products are made up of renewable forest based raw material, i.e., 
wood. It has been continuously innovating to create low emission and resource wise low 
impact products through sustainable product design and sustainable sourcing of wood 
and chemicals. For instance, Birla Spunshades dyed fibre is made using an advanced 
dyeing technique contributing to huge amounts of savings in water compared to con- 
ventional dyeing, and Liva Eco promises minimal use of water in comparison to other 
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natural fibres in its manufacturing process and significantly lowers GHG emissions. 
Similarly, Liva Sno, is produced using an eco-friendly whitening process which leads 
to no effluent generation, serving as an example where development of PS eliminates 
the need for PC. The firm recently launched a circular fibre made from pre-consumer 
cotton waste which offers the opportunity to upcycle the waste generated in the textile 
value chain. Procurement of 100% sustainably sourced wood and chemicals form a part 
of sustainable sourcing practices of the firm. Going further in the value chain, the firm 
plans to assess and improve the sustainability performance of its key suppliers by 2025. 

Clean technology: The firm is committed towards R&D efforts and initiatives leading 
to create next generation solutions. It aims at developing products made with post- 
consumer textile waste and increased use of alternate feedstock by 2024. 
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Fig. 3. Observed patterns of capability development in case company A 


b) Interconnectedness between SM capabilities: The progress of case company A 
towards SM capability development has been charted in Fig. 3 by showing the cumulative 
number of SMPs within each category of PC, PP, PS or CT that are in place or planned 
over different time period (Birla Cellulose 2012-2021). 

It can be observed from the figure that while one PC based SMP is in place in the 
year 2012, PP and PS based SMPs start later in 2015 and that on CT is planned for 2024. 
The figure also shows that starting with the year 2015 till date, SMPs in PC, PP and 
PS are being implemented in parallel. Further, it was found that deliberate PC efforts 
towards installing ZLD technology in 2021 have led to significant improvement in PP 
capability of the firm, specifically in resource conservation, enabling 95% recycling 
and reuse of waste-water within the manufacturing processes. This is an example of 
how PC reinforces PP (though PC is not included in the scope of Hart’s framework). 
Similarly, PS targeted SMPs involving the development of sustainable products also 
reinforce PP capability of the firm through use of renewable raw materials, process 
improvements, resource conservation and emission reduction. These findings provide 
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evidence in support of proposition 3 on embeddedness that PS facilitates and accelerates 
capability development in PP and vice versa. The firm has planned to implement CT- 
based initiatives much later in future, post attaining substantial PP and PS capabilities, 
which supports proposition 2 that adoption of CT has path dependency with PP and PS. 
Moreover, new SMPs of higher order capabilities are added sequentially in different 
time-periods within the individual domains of PC, PP and PS. The firm continues to 
implement all the types of SMPs till date, taking the total count from 1 in 2012 to 33 in 
2021 with 2 CTs planned for 2024, 1 PS for 2025 and 1 PP for 2040. As significant efforts 
are directed towards acquiring higher order capabilities, it is likely that PC based SMPs 
will reach a saturation point in the coming years and eventually be eliminated. Thus, 
this case does not entirely support the proposition of path dependency or embeddedness 
but shows side by side existence of both. 


3.2 Company B (Asian Paints): Asian paint ranks 1 in India, 3 in Asia and 9 in the 
world serving 60 countries and offering a wide range of paints for decorative and indus- 
trial use. Data spanning from sustainability reports available between 2014—2021 (Asian 
Paints, 2014-2021)for company B are studied. 


a) SM capability development journey 

Pollution Control: Initial SMPs of the firm involving PC include installation of 
ETPs, where raw effluents are treated to a level compliant with the pollution control 
board norms and treated wastewater is reused to the maximum extent possible within the 
company premises, in production processes, for landscaping/gardening or other domestic 
applications. Subsequently, starting from installing ZLD technology in few units in the 
year 2015, the firm achieved 100% installation in all its units by 2020. The observation 
on path dependency between installation of ETP and ZLD used for PC is similar to that 
of company A. 

Pollution Prevention: Sequential transition from PC to PP is observed in firm B. 
Over the years, through significant efforts in hazardous waste minimisation, the firm 
has achieved 76% reduction in specific effluent generation in 2021 from the base year 
2013-2014, thus minimising the burden on implementation of PC based SMPs. The 
supporting SMPs include implementation of ‘3R’ strategy of reduce, reuse and recycle 
for waste management and energy, material and water conservation practices. 

Product Stewardship: Through simultaneous attention on sustainable sourcing of 
raw materials and packaging materials as well as on sustainable product design, the 
firm continues to be a leader in creating new, innovative and sustainable products. These 
products are energy efficient, are free from harmful chemicals, have increased renewable 
content, are non-polluting, improve indoor air quality, and are safe for humans and the 
environment. 

Clean Technology: CT based SMPs of the firm represent breakthrough innovations 
in the paint industry, which includes, (a) development of an environment friendly and 
economically viable product, Genie polish which constitutes up to 84% renewable raw 
materials, promises superior labour productivity, and has no exposure related risk and 
consequent respiratory disease threat. This has helped the firm file two patents; (b) 
development of Royale Health Shield, an eco-friendly product that kills 99% of infection- 
causing bacteria- first and only paint in India that is recommended by Indian Medical 
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Association (IMA) and development of a paint named Nilaya Naturals which is earth-safe 
and formulated with over 95% materials of natural origin. 


© Pollution control (PC) 

© Polution Prevention (PP) 
© Product Stewardship (PS) 
W Clean technologies (CT) 


CUMULATIVE NUMBER OF SMPS 


2013 2014 2016 2017 


YEAR OF IMPLEMENTATION 


Fig. 4. Observed patterns of capability development in case company B 


b) Interconnectedness between SM capabilities: Fig. 4 shows the cumulative number 
of SMPs that have been implemented or planned over different time period in company B. 
Like company A, it is observed that in company B, initiation of PC activities preceded that 
of PP and PS, both of which started in the year 2014 and CT in the year 2015. The observed 
data shows concurrent development of SMPs in PC, PP, PS and CT from the year 2015 
to 2020. The findings of this case provide evidence of embeddedness in SM capabilities, 
showing support to proposition 3 and 4, that PS can accelerate implementation of SMPs 
in PP and vice versa and CT can facilitate and accelerate implementation of SMPs in PS 
and PP and vice-versa. It is also observed that there is minimum rise in the number of 
PC based SMPs (i.e., from 1 to 3) and maximum rise in the number of PP based SMPs 
(i.e., from 4 to 34) implemented between years 2014 and 2020. 


4 Conclusion 


This paper analysed data from two case companies to examine the theories of path 
dependency and embeddedness of SM capabilities as proposed by Hart (1995). The 
following conclusions can be drawn from this study. Path dependencies of SMPs were 
observed within a specific category (e.g., between SMPs of PC) as well as those belonging 
to different categories (e.g., PC and PP or PS and CT). However, path dependency where 
all SMPs of one category were implemented before the initiation of the first SMP in 
higher order categories of capabilities is not observed, suggesting that development of a 
higher order capability does not necessarily happen after a lower order capability is fully 
developed. There were many instances where SMPs were implemented in parallel from 
different capability categories showing the plausibility of embeddedness. Also, once 
implemented, none of the SMPs within any of the categories was discontinued. However, 
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their continuation gave only incremental improvement in environmental performance 
over the course of their journey. The findings of this study indicate that the theories 
of path dependency and embeddedness may not necessarily be competing in nature 
but can co-exist, thus differing from the previous research which provided support for 
embeddedness alone. This paper has analysed only two firms which is a major limitation 
for drawing general conclusions. Future empirical research on interconnectedness of SM 
capabilities may also explore the nature of interrelationships between different pairs of 
SMPs along with possible reasons. Further, characterisation of competitive value of SM 
capabilities offers another direction for research. 
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Abstract. The goal of climate neutrality gains importance in the strategic focus 
of companies. When it comes to strategies for climate neutral production, different 
companies pursue a variety of approaches. These range from pure compensation 
approaches to the complete replacement of fossil energy sources. As part of an 
empirical study, the approaches toward climate neutrality of 50 companies were 
analyzed. Both small and medium-sized enterprises (SMEs) and large companies 
were included in the study. Differences already arise from a different understanding 
of the term climate neutrality. Accordingly, the strategic approaches also differ, 
both regarding the definition of goals and regarding the specification of a roadmap 
for achieving those goals. The article presents the results of the empirical study 
and systematizes the findings. 


Keywords: Climate strategies - sustainability - industrial production 


1 Introduction 


Limiting global warming to a maximum of 2 °C and, if possible, keeping it below 1.5 °C 
is considered a central goal in mitigating the consequences of climate change and is a 
core component of international climate agreements such as the Paris Climate Agreement 
[1], which has recently been reaffirmed at COP26 [2]. Manufacturing companies still 
significantly contribute to climate change through their greenhouse gas emissions [3]. In 
the industrial sector, in particular, emissions have stagnated over the past twenty years 
[4]. 

However, the long-term goal is to achieve climate neutrality. This is more and more 
reflected in the strategies of companies, which often define sustainability strategies and 
climate strategies [5]. Both, large companies and SMEs, frequently set themselves the 
goal of climate neutrality. In addition to ecological motivations, economic incentives 
such as rising energy costs, a CO2 price and progressive regulation through legal require- 
ments and the demand of customers and investors for sustainably produced goods are 
incorporated as decisive factors [6]. 
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2 State of the Art 


In science, politics and in the context of corporate publications, the term climate neutral- 
ity is used with increasing frequency [7]. Companies are aligning goals and strategies 
accordingly and declaring products, corporate divisions or the entire company to be cli- 
mate neutral. However, interpretations of the term often differ and are mixed with CO2 
neutrality and greenhouse gas neutrality [8]. But not all these terms describe the same 
impact on the climate: 

CO2 neutrality qua term includes only carbon dioxide. In the sense of a complete 
mitigation of all harmful impacts on the climate system, CO2 neutrality thus represents 
only a partial goal. Greenhouse gas neutrality includes other greenhouse gases in addition 
to CO2. The term climate neutrality goes beyond the mere avoidance of greenhouse gas 
emissions. Anthropogenic activities have no net impact on the climate system in this state. 
Thus, the state of climate neutrality represents the most ambitious climate protection 
goal [8, 9]. 

The path to climate neutrality currently presents itself as an enormous challenge 
for manufacturing companies [10]. In the literature, there is so far no uniform strategy 
for achieving climate neutrality. Typical steps that must be taken on the way to climate 
neutrality are accounting, minimization, substitution, offsetting and communication [11, 
12]. 

Although many companies agree on the basic goal of climate-neutral production, 
they choose different approaches to achieve this goal. Strategy implementation often 
depends on offsetting approaches rather than the complete elimination of greenhouse 
gas emissions during the production process [13]. Companies also differ in their choice of 
accounting boundaries. For example, only direct emissions of scopes 1 and 2 according 
to the Greenhouse Gas Protocol (GHG) are considered, while the often even larger, but 
more difficult to quantify, indirect emissions of scope 3 are not considered [14, 15]. 

This article takes these differences as an impulse to analyze in more detail, based 
on empirical data, how companies approach the goal of climate neutrality strategically. 
The results of the empirical study are described below. 


3 Methodology 


Based on the state of the art and known research results, the objective of this paper is to 
enhance these findings with empirical data on the implementation of climate strategies 
from corporate practice. To this end, a questionnaire was sent electronically to 900 indi- 
viduals from the management board, production-related management (e.g. production 
manager) or individuals responsible for the field of sustainability at their respective com- 
pany. All companies are located in Germany. The empirical data collection follows the 
mixed methods approach [16] and combines quantitative and qualitative research ele- 
ments. The questionnaire contains both closed questions for direct quantitative evaluation 
and open questions where the answers were codified and categorized for quantitative 
evaluation. The responses to the open questions were also analyzed qualitatively to con- 
sider information provided by individual respondents. The questions are derived from 
evaluating the scientific state of the art. They cover the topics of the company’s strategic 
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orientation, the status in the transformation towards climate neutrality by means of a 
simple maturity model, specific questions on certain measures and associated imple- 
mentation barriers, and motivators for the company’s strategic orientation in the context 
of climate change. The scope of the questionnaire is limited to seven questions to ensure 
a high response rate and, at the same time, sufficient substance of the results. 


4 Results 


The cross-sector survey is used to develop and map the viewpoint of manufacturing com- 
panies in the context of climate neutrality strategies. The evaluation includes responses 
from 55 people from 50 different companies. 21.8% of the participants come from large 
companies, 56.4% from medium-sized companies and 5.5% from small companies. For 
16.4%, no company size was given. 


Question 1: Definition of Climate Neutrality. The free text question for a definition 
of climate neutrality is met with a diversified response pattern. The inconsistent definition 
in the literature is reflected in the results. Only 23.6% of the participants refer in their 
answer to the influence of emissions on the entire climate system and thus follow the 
definition of the Intergovernmental Panel on Climate Change (IPCC) [9]. In contrast, 
18.2% refer to greenhouse gas emissions, and the majority (36.4%) associate the term 
climate neutrality with the consideration of CO2 emissions (see Fig. 1). 


Abstention Other statements 


Energy consumption based on Focus on CO, 
renewable energy 


Climate 
Neutrality 


Focus on 


greenhouse gases Focus on the impact on the 


climate system 


Fig. 1. Question 1: Definition of climate neutrality 


Question 2: Importance of Climate Neutrality. Almost half of the participants state 
that they have firmly anchored the topic in their corporate strategy. In 56% of the partic- 
ipating companies, there is a working group that explicitly deals with climate neutrality. 
The consideration of emissions in investment decisions and the provision of a catalog of 
measures is less widespread but is considered a planned long-term measure by around 
one-third of the respondents (see Fig. 2). 


Question 3: Strategies for Climate Neutrality. Over 70% of respondents indicate that 
their company has or plans to establish a strategy for carbon neutrality in Scopes 1 & 2. 
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Fig. 2. Question 2: Importance of climate neutrality 


When Scope 3 is included, this proportion is reduced to barely half of the companies, 
with only 10.9% having already defined such a strategy. None of the surveyed companies 
currently achieves climate neutrality regarding Scope 3. Also, in relation to Scope | and 
2, only 3.6% state that they have already achieved this goal (see Fig. 3). 


Implementation of climate neutrality Existing strategy to achieve defined targets 
Scope 1 & 2 Scope 3 included Scope 1 & 2 Scope 3 included 


b. Ry 


Already implemented [$] Planned Yes No 


Hi Implementation started Still unclear / not specified In planning 


Fig. 3. Question 3: Strategies for climate neutrality 


Question 4: Maturity Level for the Transformation Towards Climate Neutrality. 
To determine the status of the transformation towards climate neutrality, the survey 
uses a simple maturity model with the following three maturity levels: Maturity level 1 
is characterized by little know-how on the topic of climate neutrality, a missing strategic 
approach for climate neutrality, no clear responsibilities in the organization and hardly 
any data on emission values of the company. At maturity level 2 various areas of the 
company are already climate-neutral or on the way to becoming climate-neutral; there 
are several people/working groups in the company who are actively working on the issue 
and there are data on emission values for individual areas of the company. Maturity level 
3 expects the company to be working towards climate neutrality, characterized by a low 
offsetting rate through emission certificates. Scopes 1 & 2 have to be already climate 
neutral and the company has to be engaged in emission reduction of its value chain 
(scope 3). 31% of the respondents assign their company to the lowest maturity level 1, 
55% maturity level 2 and only 14% see their company at the most advanced maturity 
level 3. 


Question 5: Relevance of Mitigation Measures and Barriers. To gain an insight into 
the operationalization of the strategies, the relevance of specific fields of action for the 
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individual companies was surveyed. The survey also asked about barriers to implemen- 
tation. Figure 4 shows the results for measures that can be classified as minimization 
measures. 


Hi Currently relevant 
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15 15 i 5 
735 | 5 4 [ = 5 P z Unable to evaluate 
E 


Efficient Process and system Material efficiency Circular Economy En of [Data in %] 
Technology optimization to increase implementation final demand 
energy efficiency 


Fig. 4. Question 5: Relevance of mitigation measures — minimization 


The application of energy-efficient technologies and increasing energy efficiency 
through process optimization are of high importance in this context. Material efficiency 
measures are currently relevant for 56% of the participants. The introduction of a circular 
economy is currently a relevant measure for reducing emissions by only 40%. 15% do 
not consider the conversion of the linear value chain to a circular system to be relevant 
and another 15% cannot assess the relevance. Reducing final demand is only relevant 
for a total of 26%, either currently or in the longer term. Barriers to implementing 
minimization measures arise mainly from costs or lack of resources. 
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Fig. 5. Question 5: Relevance of mitigation measures — substitution 


Figure 5 represents the area of substitution. This is characterized by the focus on 
the switch to renewable energies. For only 5% this is not relevant. Electrification as part 
of the conversion to renewable energies is clearly more relevant than the use of green 
hydrogen or biomass as an energy source. Measures with currently low availability are 
not yet in the focus of the companies, and their application tends to be more difficult to 
assess. Economic reasons are most frequently cited as a barrier to the switch to renewable 
energies. Substitution of materials is constricted by a lack of material alternatives, special 
material requirements and customer requirements. 

The area of offsetting is illustrated in Fig. 6. The results for the purchase of emission 
certificates reflect current debates about its effectiveness as a climate protection mea- 
sure. The relevance is disputed among the participants. When asked about obstacles to 
implementation, 19.6% say they consider the measure unsustainable or greenwashing. 
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On the other hand, 53% of the companies want to offset emissions with internal climate 
protection projects, and another 22% are planning their own long-term internal offset 
projects. Compared to the purchase of certificates, companies tend to favor internal off- 
setting projects. For most companies, Carbon Capture and Storage (CCS) and Carbon 
Capture and Usage (CCU) technologies are not relevant or cannot be evaluated yet. 
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Fig. 6. Question 5: Relevance of mitigation measures — offsetting 


Question 6: Offsetting Strategies. The complex and controversial societal debate 
about the actual benefits of emission certificates is addressed in the survey from a 
company perspective. For 63.6% of the participating companies, offsetting through cer- 
tificates is only a temporary measure on the way to climate neutrality. 14.5% of the 
participants consider certificates to be greenwashing. The transparency of the certificate 
market is also questioned. The actual environmental impact behind an offsetting strategy 
seems to be an important aspect for most companies (see Fig. 7). 


Question 7: Motivation. Motivational reasons for climate protection measures were 
asked for in a free text field and then classified. Social responsibility towards society 
and family (32.2%) and environmental protection (30.4%) were identified as impor- 
tant drivers. These were followed by legal requirements, competitive advantages and 
customer requirements, each accounting for a similar proportion of around 10%. 
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Fig. 7. Question 6: Offsetting strategies 
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5 Discussion 


The study gives insights into the transformation of companies towards climate neutrality. 
Although 50 German companies have been surveyed, the results should not necessarily 
be considered representative for the German industry, but they provide valuable insights 
into a sample of companies of various sizes and from various industrial sectors. The 
surveyed companies have recognized the importance of climate neutrality in many cases. 
They are driven by various motivators which can be attributed primarily to the area 
of corporate responsibility. However, it can be assumed that extrinsic factors such as 
public expectations also exert an influence on the companies. On an abstract level, the 
majority of companies state that they take the goal of climate neutrality into account 
strategically. This high priority is somewhat at odds with the results of the question 
about a definition of climate neutrality. It is assumed from the responses that there is 
not yet a uniform understanding of the term. However, to ensure the comparability of 
communicated goals of companies, uniform definitions are necessary. It is observed that 
hardly any companies have implemented the goal of climate neutrality to date. Even 
if climate neutrality strategies are specified, the results fall short of the fundamental 
importance attributed to the topic. This becomes particularly clear when Scope 3 is 
considered in addition to Scope 1 and 2. Not only does no company currently meet 
the goal of climate neutrality at Scope 3, but many companies also lack strategies and 
measures to pursue and achieve this goal in the long term. This is particularly remarkable 
because a large proportion of a company’s emissions frequently falls within Scope 3 
[14]. Consequently, only 14% indicate the highest suggested maturity level 3. While 
topics such as energy efficiency, material efficiency, the shift to renewable energies and 
electrification are perceived as highly relevant, approaches such as circular economy 
and material substitution still lack approval. It is notable that, contrary to the public 
debate, alternative energy sources such as hydrogen and biomass are accorded only 
minor importance. Reasons for this are assumed to be the lower technical availability and 
a strong dependence on specific industries. The study indicates that offsetting measures 
currently account for a significant proportion of companies’ efforts to achieve climate 
neutrality. However, a large proportion of companies also state that they regard this as 
a temporary transitional solution. This means that even greater technical efforts will 
be required in the future. In the opinion of the companies surveyed, however, these 
measures do not belong to CCS and CCU. It is therefore clear that decarbonization of 
the production processes themselves will become unavoidable. 


6 Conclusion 


The empirical study shows that most surveyed companies are conscious of the strategic 
goal of climate neutrality. But there is still a lack of transfer of the abstract strategic 
goal into operations. One reason can be seen in the lack of specification of the term 
climate neutrality for the corporate level. Today, many companies approach the goal 
with offsetting projects, but even the companies themselves do not consider these to be 
effective in the long term. There is a need for further research and support for companies 
on the question of how climate neutrality can be defined for companies and how this 
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goal can be implemented strategically and operationally without offsetting projects. 
Conducting a subsequent study with a larger sample of companies should be considered 
to ascertain that the results are representative for the German industry. Another survey 
with a larger sample could also facilitate research on how factors such as the industrial 
sector, company size or other qualitative characteristics of a company’s organization are 
linked to their transformation towards climate neutrality. 
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Abstract. Green strategies in manufacturing have multifold perspectives imply- 
ing that are highly diversified in terms of resources management. Popular green 
strategies are Zero Defect, Circularity and Sustainability. The challenges regard- 
ing resources efficiency result from different concepts addressed by each strat- 
egy; Zero Defect focuses on defect prevention via quality planning, control, and 
improvement, while Circularity addresses resources optimisation via resources 
management, material production, usage and disposal. Sustainability is a differ- 
ent approach, to include economic growth and social impact, besides resources 
management, waste management and environmental impact. Until now, key per- 
formance indicators (KPIs) have been used for individual strategy, while literature 
shows a lack of frameworks towards transforming KPIs when adopting more than 
one strategy. The current work is a step towards defining an approach describing 
the relationship between the KPIs of different green strategies and elaborating the 
repercussions of this transformation on workflows and specifically on manufactur- 
ing processes. Two different approaches could be used (monetary and qualitative) 
with thermoforming used as a case, and the results are indicative of the method 
efficiency, where KPIs for Zero Defect, Circularity and Sustainability are com- 
pared. The framework is developed to be later generalised and applied to other 
manufacturing processes. 


Keywords: KPIs - Green Strategies - Zero Defect Manufacturing - Circularity - 
Sustainability 


1 Introduction 


Manufacturing is heavily contributing to carbon emissions in Europe, being the second 
top contributor behind the energy sector. Since EU has developed a roadmap to gradually 
decrease its carbon emissions until becoming the first carbon neutral continent by 2050 
(Green Deal), the industrial sector has to keep up with massively reducing its energy 
consumption and carbon footprint [1, 2], to contribute to this initiative. Several green 
strategies have been developed over the last few decades but in this work, the focus is 
on zero defect manufacturing, circular economy and sustainability since these strategies 
have been extensively developed and are trending approaches in innovation and industry. 


© The Author(s) 2023 
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Zero Defect Manufacturing is the extension of the widely adopted 6-sigma approach, 
focusing on eliminating the number of defect products [3], while approaches focusing on 
circularity aim to transform linear economy currently used (production, use, disposal) 
into a circular economy where products are reused, recycled and repurposed [4]. Sustain- 
ability is a more general approach, focusing on planet, people and economics, in order 
to provide the best solutions with low environmental impact, taking into consideration 
the welfare of workforce and society and ensuring profit for companies [5]. 

Literature search regarding reported KPIs (Table 1) on zero defect manufacturing 
(ZDM), circular economy (CE) and sustainability (S) was performed, with the most 
commonly used KPIs summarized in the following table. KPIs are categorized in three 
main categories: 1) environmental, where use, waste and emissions are included, 2) 
financial, where quality, cost, delivery and flexibility are included and 3) social, where 
community, employees and suppliers are included. The main limitation was that these 
KPIs were solely used for the purpose of a single green strategy, without defining what 
may be the impact of one KPI if used in additional strategies, which may well be 
contradictory from one green strategy to another. Current work is aiming to develop and 
propose a framework on the relationship between KPIs for green strategies. 


Table 1. List of KPIs per category ( environmental, financial and social aspects) and allocated 
per green strategy (zero defect manufacturing- ZDM, circular economy-CE, sustainability-S) 


Categories KPIs ZDM CE S 
Environmental Material consumption [6, 7, 8, 9] X X 
Water consumption [7, 8, 10] X X 
Energy consumption [6, 7, 8, 10, 11] X X 
Use of renewable energy [7] X 
Energy efficiency [7] X 
Increase recycling rate [6, 9] X 
Waste generated [6, 10] X X 
Reduce carbon emissions [9, 11, 12] X X 
Reduce disassembly time [9] X 
Fuel consumption [8, 11, 12] X 
Water and land emissions [12] X 
Wastewater [10, 12] X 
Financial Parts per month [13] X 
Tardiness [14, 15] X 
Defects ratio [15, 12] X 
Scrap and Rework [16, 12] X X 
Average production cost [14, 15] X X X 
Delay cost [14, 15, 7, 8, 11] X X X 
Final unit cost [15] X 


(continued) 
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Table 1. (continued) 


Categories KPIs ZDM CE S 
Maintenance cost [15] X 
Learning cost [7] X 


Inventory cost [8, 11] 


Product reliability and durability [12] 
Overhead cost [12] 
Cycle time and flexibility [12] 


New product development [12] 
Social Occupational health & safety[8, 11, 12] 


Training and education [8, 11, 12] 


Job satisfaction and salary level [12, 10] 


Supplier certification &commitment [12] 


Gender equity [8] 


Benefits/commission/profit [10] 


~ mK) | | | | | | OK OX | OX 


Society and Human rights[17] 


2 Framework 


There are in principle two main approaches towards comparing the effect on adopted 
strategies on resulting optimization. The first one would be to compare everything in 
terms of monetary units. However, this would require elaborated financial models [18]. 
Herein, an alternative way of achieving this is attempted, taking advantage of a qualitative 
comparison. This qualitative approach proposed aims to identify the correlation between 
the different KPIs of the most used green strategies. This framework starts off with 
identifying (1) the manufacturing process that will be used as a case, (2) the materials 
that will be used as an input and (3) the final product. The selection of the above- 
mentioned parameters will dictate the parameters that will be used in the process. Then, 
the relevant KPIs per green strategy will be selected, ideally using a database such as 
Table 1. Following the KPI selection, the process parameters that are impacting the KPIs 
will be defined, followed by the determination of the relations between parameters and 
KPIs. The ultimate objective is to check whether all the KPIs, in pairs, have a good 
correlation. Equivalently, the change of the KPIs with the modification of the Process 
Parameters has to be of the same trend (monotonicity). If this is the case, then the 
strategies can be used interchangeably, as in the case 1 of Fig. 1, where an exemplary 
schematic is presented with different relationship types between KPIs and their respective 
process parameter level. 


3 Case Study 


In this paper, thermoforming of low density polyethylene into a hemispherical shell 
was used as a case study. Data were collected from a template case study consisting of 
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Fig. 1. KPIs relations: Case 1 - (a) and (b), Case 2 - (a) and (c), Case 3 - (a) and (d). 


a single process with process speed being estimated at 140 s, with 60 kWh for a full 
hour operation of the thermoforming equipment. The material used for the production of 
bowl was either raw low density polyethylene (0.88g/cm?) or recycled polyethylene. The 
final product would have been a hemispherical shell, of 5 cm external radius and 4.5cm 
internal radius. Values for the respective parameters were calculated from the previously 
described process parameters. The green strategies used for this case study were zero 
defect manufacturing, circular economy and sustainability, with the main KPIs found in 
Fig. 2. 


Fig. 2. Relevant process parameters (left) that affect KPIs (right) per green strategy. 


4 Results 


Thermoforming was used as an example because of its great environmental impact, the 
majority of which derives from the use of electricity, as shown in Fig. 3. The environ- 
mental impact of thermoforming was calculated from SimaPro 9.3.03 and Ecoinvent 
Database 3.1. 

In the qualitative approach, the relationship between the process related parameters 
and the KPIs were investigated, determining a relationship between the following pairs: 


1. Material type used (mass of recycling material as raw material) and recycling rate: 
applicable pair for circular economy, showing a linear relationship (Fig. 4) 

2. Design as in shape and mass of material used and energy efficiency: pair applica- 
ble to sustainability, showing an exponential relationship, with energy efficiency 
decreasing as the mass of raw material increased (Fig. 5) 
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Fig. 3. Environmental impact of thermoforming after performing LCA using SimaPro, in cate- 
gories such as climate change (carbon footprint and more), human toxicity, fresh water, marine 
ecology. 
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3. Percentage of renewable energy used and energy cost: pair applicable to sustainabil- 
ity. The relationship though is not linear for all types of renewable sources due to 
high differences in value of different energy mixes (Fig. 6) 

4. Process speed and energy efficiency: a pair applicable to all three green strategies, 
without a linear relationship since energy efficiency for thermoforming depends on 
both power of thermoforming and mass of material to be thermoformed (Fig. 7) 


Impact of Use of Recycled Material 


Fig. 4. Impact of use of recycled material on the recycling rate. 


Impact of Material Mass 


4 
Mass of Raw Material ig 


Fig. 5. Impact of raw material mass on the energy efficiency. 
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Fig. 6. Impact of energy mix on the energy cost in euros. 


Fig. 7. Impact of process speed on the energy efficiency and the energy cost. 


5 Discussion 


This study has shown that the relationship between process parameters and KPIs in green 
strategies is not a straightforward and monotonous relationship for all cases, but it is 
rather determined by the selection of values per process parameters. This highlights the 
difficulty in harmonizing the KPIs in order to address multiple green strategies at the 
same time using unified approaches for process parameters optimization. 

Design, in terms of shape or material weight, affects energy efficiency of thermo- 
forming. However, this particular process is often disregarded when zero defect manu- 
facturing is the green strategy of choice, but it is used for sustainability approaches where 
redesign using fewer resources is a key approach. The applicably of this parameter is not 
discussed in zero defect manufacturing despite its potential impact on the product being 
conformed with certain specifications. Similarly, using fewer resources should be linked 
to circular economy, but this relationship should follow the one described in this case. 
The type of material used, and especially the use of a percentage of recycled material 
instead of completely raw material, is often associated with circular economy as an app- 
roach to reuse, recycle and repurpose products. This, however, may have an impact on 
the features of the final product, as recycled material may not have the same properties 
as raw materials due to them being already processed and used in previous applications. 
Renewable energy used is linked to sustainability, as an effort to move from fossil based 
energy to renewable types of energy, such as wind, solar and hydropower. The relation- 
ship between percentage of renewable energy used and energy cost is not linear, and it 
is uncertain how this relationship is translated in the case where either circular economy 
or zero defect manufacturing is the green strategy of choice. Process speed is a process 
parameter related to zero defect manufacturing as a valuable parameter related to the 
quality of the final product and the defects ratio. However, an optimal value for process 
speed should be defined in order to have the best quality of the final product and the 
small number of defected products. In the case of circular economy and sustainability, 
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increased process speed means increased energy consumption and cost, and potentially 
impacting workforce. 

The main limitation of this framework is the fact that its applicability to other cases 
has been investigated. In addition, it has not been considered to use a weighted version 
of framework to include all aspects (environmental, financial and social KPIs). Greens 
strategies. 


6 Conclusions and Future Outlook 


Developing a framework to identify the relationship between process parameters and 
KPIs per green strategy has suggested that the relationship is far more complicated than 
thought, while extrapolating from one green strategy to another is not a straightforward 
process. The three different strategies have a different focus, with ZDM focusing on part 
performance, CE on resources efficiency and S on perpetuality of profit; often all these 
are being contradictive, albeit occasionally they all imply environmental constraint. Each 
green strategy has its own KPIs, and its own relationship between process parameters and 
KPIs, often contradictory, or worse; of different trend, between the different strategies. 

Future work should focus on identifying the exact relationship between the different 
green strategies and their KPIs. In addition, the unification of the green strategies needs 
to be addressed, potentially through a hierarchical approach, taking into account the 
different cases of design and operation. 
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Abstract. Research in higher manufacturing engineering education must contin- 
uously adapt to current and future challenges manufacturing companies are facing. 
Young engineering students must learn how to design, manage, and implement 
complex innovation projects. For this purpose, a teaching framework for combin- 
ing research-, project-, and case-based learning is presented. A proof-of-concept 
discusses the design, implementation, and evaluation of a master’s course at the 
University of Southern Denmark while following the teaching framework. The 
evaluation of the students’ learning outcomes demonstrates the basic efficacy of 
the framework. A self-assessment by the students showed a sufficient increase 
in skills and competencies. The proposed teaching framework can contribute to 
realizing the Humboldtian idea of integrating research and teaching at universities. 


Keywords: Higher engineering education - Research-based learning - 
Project-based learning - Case-based learning 


1 Introduction and Rationale 


A transition towards sustainable and digital value creation is at the core of Europe’s 
new industrial policy [1]. This so-called Twin Transition is leading to new competi- 
tiveness challenges throughout Europe’s manufacturing companies. They are required 
to adopt flexible, and circular value networks while also utilizing novel Industry 4.0 
technologies. Consequently, curricula in higher engineering education must adapt to 
these new manufacturing trends. Manufacturing engineering students must learn how to 
design, manage, and implement complex innovation projects in manufacturing, coop- 
erate in teams efficiently and effectively, communicate with different stakeholders, and 
apply methods and tools in the areas of sustainability and digitalization. Thus, new per- 
spectives of teaching and learning in higher manufacturing engineering education are 
required that holistically combine teaching and research. This combination poses some 
complexity challenges to the planning and implementation of curricula: specific research 
objectives must be translated into specific learning activities which eventually comply 
with the intended learning objectives of the students. The paper aims at presenting a 
teaching framework for combining research- with project- and case-based learning in 
higher manufacturing engineering education. 


© The Author(s) 2023 
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2 Theoretical Background 


The proposed framework addresses three constructivist and inquiry-oriented approaches 
to education: research- (RBL), project- (PBL) and case-based learning (CBL). 

RBL or the research-teaching nexus puts the focus on the research process. Stu- 
dents are participating in real-life research. RBL can be distinguished from research- 
led, research-tutored, and research-oriented teaching and learning [2-5]. Other authors 
mention self-regulatory and self-guided learning as relevant aspects of RBL [6]. RBL 
originates in Humboldt’s vision for higher education by integrating research and learning 
[7]. RBL in higher engineering education often focuses on developing research skills 
such as analyzing data, interpreting, and reporting findings, or conducting experiments 
[3]. Hoskins and Mitchell introduce ingredients for creating a knowledge-together cul- 
ture of students and researchers [8]. In manufacturing engineering, learning factories are 
proposed as a suitable didactical concept for realizing RBL [7]. 

PBL allows students to learn by doing and applying ideas through meaningful ques- 
tions emulating what professionals in their field do and which are applied within real- 
world challenges [9, 10]. Thus, students work in groups to solve real and often inter- 
disciplinary problems that culminate in a product and reflect on their learnings from 
the project experience [10-13]. The students decide how to tackle the problem [12]. 
PBL can cultivate innovative thinking [14], and there are indications that it facilitates 
students’ motivation and cooperation [15]. For higher manufacturing engineering educa- 
tion, Stock and Kohl [16] discuss a transnational PBL approach utilizing Kolb’s learning 
cycle [17]. Other approaches combine PBL with learning factories [18, 19] or with the 
design and operation of products and equipment or manufacturing processes and value 
networks [20-22]. 

CBL or case-based reasoning is a more guided inquiry approach compared to PBL 
[23]. In CBL, students create reasoning based on previous experience by typically using 
lessons learned from previous situations to understand and navigate new challenges [13, 
24]. Kolodner et al. propose case-based learning aids to support the learning experience 
[25]. Research also indicates that discussion groups or group work can facilitate the 
learning experience in CBL [26]. In manufacturing engineering, CBL is a commonly 
used approach to convey relevant knowledge, skills, and competencies, e.g., through the 
co-creation of manufacturing artifacts [27]. 

The paper intends to contribute to knowledge gain in the research field of higher man- 
ufacturing engineering education by efficaciously combining RBL, PBL, and CBL within 
a teaching framework to prepare engineering students for a more and more complex 
working environment in the European Twin Transition. 


3 Teaching Framework 


This research in higher manufacturing engineering education follows a qualitative 
research approach. The teaching framework (Fig. 1) is conceptualized by utilizing state- 
of-the-art approaches in higher education. Primary building blocks are RBL, PBL, and 
CBL. It consists of three main teaching and learning artifacts that serve as key elements 
for curriculum development: 1. Research project, 2. Didactic concept, 3. Case(s). The 
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research project is determined by a scoped research task that the students should carry out 
following the idea of RBL and PBL. The didactic concept specifies relevant teaching and 
learning elements for executing the course while also incorporating the scoped research 
project. The case(s) address the structure of concrete case-based learning and teaching 
activities that reflect relevant learning goals for the research project while following the 
idea of CBL. Each of these main artifacts is in turn coined by specific sub-artifacts (1.1 
to 3.3) described in Table 1. 


agal 
Objectives 
and scope 


fel 2.4 Sell 
Learning Quality Content and 
goals assurance topics 


A 
Work 
packages 


ae 25 32 
Learning Stakeholders Presentation 
activities 


13 2.3 2.6 3.3 
Deliverables Roles Communi- Group work / 
cation discussions 
A. Design 
B. Implement 
C. Evaluate 
D. Improve 


EEE 
+ => Main links between 1., 2., and 3. 


Fig. 1. Teaching framework for higher manufacturing engineering education. 


Table 1. Description of sub-artifact of the teaching framework. 


Nr | Description 


1.1 | The objectives and scope of the research project are specified. The objectives describe 
concrete research goals for the duration of the project. The scope concretizes the relevant 
systems which are to be investigated 


1.2 | Work packages with concrete tasks and time frames are formulated and specify the 
sequence of relevant activities for realizing the defined research objectives 


1.3 | The activities described throughout the work packages lead to intended research outcomes, 
which are determined by deliverables. Deliverables are digital or physical/tangible 
artifacts representing a relevant result for realizing the research objectives 


2.1 | Learning goals define relevant knowledge, skill, and competencies that the successful 
learner acquires by completing the course. The learning goals must be related to the 
context of the research project and its elements 


(continued) 
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Table 1. (continued) 


Nr | Description 


2.2 | For realizing the learning goals, concrete learning activities are formulated. They 
describe delimited and timed teaching units with defined learning tasks and teaching 
methods. A sub-set of learning activities is directly linked to executing the work packages 
of the research project 


2.3 | Depending on the learning activities, the teachers and learners might have to take on 
different roles. The expectations for these roles are clarified 


2.4 | Quality assurance specifies the procedure for realizing a high quality of teaching and 
learning throughout the course. It includes concrete measures for tracking the learning 
outcomes as well as the intended development of knowledge, skills, and competencies 


2.5 | The execution of the course might be depended on some internal and external key 
stakeholders. These stakeholders are determined. Required capacities from the 
stakeholder are considered for designing the learning activities 


2.6 | Communication sets out the communication channels between teachers, learners, and 
stakeholders. Suitable communication infrastructure and tools are selected 


3.1 | The development of the case content and topics is based on the defined learning 
activities. The case(s) supplement the research project by covering relevant learning goals, 
contents, and topics 


3.2 | From the developed case content and structure, the case presentation is derived. The 
presentation arranges the topics and contents of the case to create a holistic learning 
experience for the students 


3.3 | Group work and group discussions supplement the case presentation. This element can 
be used to foster the discussion and reflections of the students on how the case results can 
be transferred to the work packages of the research project 


The development process of the teaching curriculum is divided into four phases 
(A-D): Design, Implement, Evaluate, and Improve. It follows the idea of a continuous 
improvement cycle [28]. The design is coined by creating all sub-artifacts 1.1 to 3.3. 
Usually, the design process can be structured into a fuzzier earlier phase where solutions 
for the sub-artifacts are conceptualized. This phase is followed by the detailed design 
of the conceptualized solutions. Implementation aims at executing the course with the 
research project, didactic concept, and the case(s). It covers the realization of the designed 
artifacts within a real learning environment. Evaluation aims at evaluating the quality 
of the designed artifacts based on empirical data from the implementation. It further 
allows deriving measures for the improvement of the framework for the next teaching 
and learning cycle. Improvement focuses on translating these measures into concrete 
re-design actions for the teaching framework’s artifacts and sub-artifact. 


4 Proof-of-Concept 


The development of the teaching framework was carried out jointly with its ad-hoc 
implementation and evaluation within a master’s course. The course is part of the master’s 
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program in Engineering Operations Management at the University of Southern Denmark 
(SDU). Seven third-semester master’s students participated in the 2022 cohort of the 
course. The three main artifacts of the framework, the research project (4.1), didactic 
concept (4.2), and the case(s) (4.3), were designed and implemented. 


4.1 Research Project 


The research project aims at developing an automated and digitalized additive man- 
ufacturing (AM) system embedded in an Industry 4.0 environment. This includes the 
automation of the value creation in the context of an AM system from setting up and 
equipping the 3D printer with materials, to quality control, and all material handling 
steps. Seven work packages based on a DEV-OPS project management approach [29] 
are created with related deliverables. Table 2 exemplarily shows the description of work 
package 3. A Gantt-Chart for executing the work packages within 24 months as well 
as the expected time frames for realizing three intended project milestones are defined. 
Since the duration of the master’s course is only five months, the course allows an 
effective coverage of the first three work packages. 


Table 2. An exemplary description of work package 3 (WP3). 


Task: WP3 is oriented toward developing the different domains of the AM system, 
namely the mechanical, electrical/electronic, and software domains for the 
physical and virtual systems. These domains can be interpreted as sub-systems 
of the AM system which are fulfilling distinct functions 


Deliverable: | Solutions for the relevant domains of the digital and automated AM system 


4.2 Didactic Concept 


The learning goals of the course address relevant knowledge, skills, and competencies 
required for successfully designing, managing, and implementing complex technology 
projects. The learning activities are divided into two categories. Firstly, 12 individual 
teaching sessions a three hours are defined related to the following topics: (1) Technology 
trends; (2) management of technology projects; (3) technology assessment. Each of 
these topics includes a sequence of individual teaching sessions. Secondly, a project 
assignment is created for the students. The project assignment covers the first three work 
packages of the research project and is to be carried out as group work. The students 
must hand in a group report about the results of the project including a reflection on 
their contributions to the project. The teacher needs to fulfill different roles, such as a 
presenter of knowledge or a moderator of exercises. Another relevant role is the project 
sponsor role for the project assignment to facilitate the project’s progress. The quality 
assurance of the course is conducted in two ways. The learning outcomes of the students 
are evaluated based on a final oral exam. Additionally, the students can give feedback 
within an anonymous mid-term and final evaluation of the course. Relevant stakeholders 
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for the course are the head of SDU’s Industry 4.0 lab, who needs to support the practical 
implementation of hardware and software solutions as well as guest lecturers who can 
deliver specific knowledge or practical experiences supplementing the learning goals. 
Besides, the vendors of the equipment, e.g., the 3D printers, must be considered. For 
communicating with the students, SDU’s eLearning platform is used in which all learning 
materials as well as the description of the research project are made available. Most of 
the course-related discussions are taken during the 12 teaching sessions. 


4.3 Case(s) 


For transferring the planned teaching activities, i.e., the 12 teaching sessions into concrete 
learning experiences, two cases are designed: one case addressing the development 
process of a tower system for wind turbines, the “SmarTower’ case, while the second 
case is based on a sharing platform for consumer tools, the “Toolbot” case. Both cases 
intend to deliver the necessary knowledge, skills, and competencies which are required 
for the research project. Throughout the case-based teaching sessions, the students need 
to interpret, reflect, and transfer the results from the cases to their project assignments. 
Especially, the transfer of knowledge from the case to the research project seems to 
substantially support the learning outcomes. Table 3 provides an overview of the agenda 
for an individual case-based teaching session. 


Table 3. Agenda of a case-based teaching session as part of the technology assessment topic. 


a) Introduction to the “Toolbot” case, 8.30-8.45 am 

b) Project Costs, with group work/ discussion, 8.45-9.30 am 

c): Customer Lifetime Value, with group work/ discussion, 9.45—10.15 am 

d): Customer Acquisition Costs, with group work/ discussion, 10.25—11.10 am 


4.4 Evaluation of Learning Outcomes 


For measuring the efficacy of the proposed teaching framework, different qualitative 
and quantitative empirical data were collected and evaluated. Firstly, the students of 
the course participated in an anonymous midterm and final course evaluation survey. 
Selected results from the final course evaluation are presented in Table 4. Secondly, 
for the “Toolbot” case, a separate case evaluation was conducted. This evaluation was 
twofold. It was based on an anonymous student survey as well as on observations from 
two external consultants in the field of higher education and case-based teaching. 


4.5 Discussion of Results and Limitations 


The proof-of-concept verifies that the conceptualized teaching framework can be applied 
for designing, implementing, and evaluating a course in higher manufacturing engineer- 
ing education. The evaluation of the learning outcomes demonstrates a solid efficacy of 
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Table 4. Selected results from the final course evaluation (number of participants, n = 5). 


Question (Q): How would you self-assess your increase in skills and competencies for 
managing complex technology projects by the end of the course — on a scale from 1 (no 
increase) to 10 (very high increase)? 

Result (R): 40% (8); 20% (7); 20% (5); 0% (1, 2, 3, 4, 6, 9, 10); Average: 7 

Q: The group work on the Mads Clausen research project supported my learning outcomes on 
how to manage complex technology projects 


R: 60% (I partly agree); 20% (I agree); 20% (I partly disagree); 0% (I disagree) 


the framework. The self-assessment of the students’ increase in skills and competencies 
shows satisfactory improvements. The students partially agreed that the research project 
supported their learning outcomes. Thus, improvements to the course design might focus 
on scoping the research project with its work packages. Limitations are linked to com- 
paring the efficacy of the framework to other teaching and learning approaches and 
frameworks. For example, it remains unclear if a mere research-, project-, or case-based 
learning approach would have led to similar learning outcomes. 


5 Summary and Outlook 


A teaching framework for combining research-, project-, and case-based learning with 
three main teaching and learning artifacts and four development phases was presented. 
A proof-of-concept discussed the design, implementation, and evaluation of a concrete 
course of a master’s program at SDU while following the proposed teaching framework. 
The evaluation of the students’ learning outcomes demonstrated the basic efficacy of 
the teaching framework. A self-assessment by the students showed a sufficient increase 
in skills and competencies for managing complex technology projects by the end of 
the course. The author believes that the proposed teaching framework can contribute to 
realizing the Humboldtian idea of integrating research and teaching at universities by 
providing a detailed guideline for developing curricula in higher manufacturing engi- 
neering education. Future research will investigate the beneficial design of the research 
project for providing a high-quality learning experience to the students. 
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Abstract. This paper sets out to examine the economic and technical viability of 
LEVs in Ghana as a business model. It further examines the profitability of con- 
verted motorbikes which are adapted from ICE motorbikes. The business model 
is built on technical requirements of the ICE conversion in Ghana. The authors 
used a case study approach to analyze an exemplary business model based on 40 
e-mopeds and 20 stand-alone solar charging stations deployed on the campus of 
KNUST until December 2021. A further analysis was also done on the process of 
converting an ICE motorbike to create a minimum viable product which runs on 
electricity. The business model examines the profitability of such converted motor- 
bikes taking into account production and assembly costs whiles also considering 
fixed costs. The results of the analysis prove that a single e-moped deployed in 
the model was profitable after 6.3 years and a converted motorbike was profitable 
compared to a conventional motorbike between 22500 km to 32500 km of use 
depending on the purchase scenario. The discussion and results provide a good 
basis for further research and give support to sustainable business models and 
manufacturing of LEVs. 


Keywords: Electromobility - Sharing Systems - Sustainable Business Models 


1 Introduction 


Ghana has posted robust pre-pandemic economic growth over the past two decades. 
GDP per capita grew by an overage of 3% over the period. With poverty alleviation 
programs initiated and continued by successive governments, poverty rates have halved 
between 1998 and 2016 [1]. The economic performance is further supported by the 
discovery of oil in the Ghanaian sector of the gulf of Guinea which elevated the coun- 
try to middle income status [2]. Figures from the Ghana Statistical Service indicate 


© The Author(s) 2023 
H. Kohl et al. (Eds.): GCSM 2022, LNME, pp. 1027-1036, 2023. 
https://doi.org/10.1007/978-3-03 1-28839-5_114 


1028 F. Adjei et al. 


a post-independence population growth of 6.7million in 1960 to 30.8 million in 2022 
[3]. However increasing population and economic growth have a direct correlation to 
increased mobility needs as noted by Ayetor et al. [4]. Out of the 72 million vehicles 
in use in Africa, Ghana accounts for 2.5 million [4]. Mobility needs in Ghana until 
now has been fossil-fuel based with limited research and implementation of sustainable 
mobility options. This paper seeks to assess the profitability of a business model based 
on Light Electric Vehicles (LEVs) in a shared environment based on the campus of the 
Kwame Nkrumah University of Science and Technology (KNUST). It also assesses a 
business model based on a converted Internal Combustion Engine (ICE) motorbike for 
the city of Sunyani where a minimum viable product was developed with the University 
of Energy and Natural Resources and the local startup Solar Taxi. A cursory analysis 
of the technical requirements for the conversion of a converted ICE motorbike is also 
provided whiles respecting the proprietary information of Solar Taxi, the private partner 
involved in the research. The objective of such a sustainable mobility solution would 
be to provide transportation access whilst minimizing resource consumption and traffic 
congestion utilizing a sharing system for LEVs. Questions to be answered by this paper 
are elaborated as follows: 


I. Can business models on a university campus based on shared light electric vehicles 
be operated economically? 
II. What are the technical requirements for the conversion of an ICE motorbike to an 
electrically powered model? 
HI. Cana business model based on converted ICE motorbike be operated economically? 


2 An Overview of Sustainable Business Models, LEV Sharing 
Systems and the Conversion of ICE Motorbikes to e-motorbikes 


The sustainable business model draws on the tenets of the traditional business model. 
The business model concept gained prominence in the early days of the internet, the 
so-called dot.com era [5]. On a general level it is a statement [5], a description [6], a 
representation [7], a conceptual tool or model [8], a structural template [5, 9], and a 
framework [9], to name a few. It is assumed that innovations on a business model level 
tend to yield higher returns when compared to product or process innovations [9]. The 
Business Model Canvas presents a framework for visualizing and structuring business 
models on an organizational level or on a unit basis [9]. For organizational decision- 
making and academic research in the context of emerging industrial phenomena, like 
Industry 4.0 or Re-Distributed Manufacturing [9, 10], the business model concept allows 
firms to elaborate the potential customer and value chain benefits and compare or generate 
the required configuration and implementation of the other business model elements or 
units [9, 11]. 
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The canvas is geared toward economic benefit only, hence to transition to a sustain- 
able model, amendments would be required. The definitions in various literature see 
sustainable business models as a modification of the conventional business model con- 
cept, with certain characteristics and goals added to it; and, they either 1) incorporate 
concepts, principles, or goals that aim at sustainability; or 2) integrate sustainability 
into their value proposition, value creation and delivery activities [9]. Geissdoefer et al. 
concretely define the sustainable business model as a business model that incorporates 
pro-active multi-stakeholder management, the creation of monetary and non-monetary 
value for a broad range of stakeholders and hold a long-term perspective [9, 11]. 

The use of light electric vehicles (LEVs) is slowly gaining prominence with efforts 
made to introduce such devices in Ghana in various international development programs 
[12]. In general terms, between 17% and 49% of trips made and 6% to 30% of the distance 
covered by private trips can be substituted by LEVs [13]. A study by Schelte et al. found 
that e-moped sharing resulted emissions of 20-58 g CO2-eq./pkm which is comparable 
to emissions from electric buses (27-52 g CO2-eq./pkm) [14]. As 81% of trips can be 
can be substituted by the use of e-mopeds, this statistic is significant [14] in reducing 
Ghana’s GHG emissions. Sustainable mobility is aided by the sharing of LEVs in a 
closed system [15]. About 8% of households reported surveys by the Ghana ministry of 
roads and transport that owning between one and four motorbikes which were in good 
condition for private use [16]. In total there was a stock of approximately 2.4 million 
conventional motor bikes in year 2012 [16]. With a current estimated population of 30,8 
million people [3] and an assumption of a constant share of conventional motorbikes 
per person there could be a stock of 2.86 million conventional motorbikes in 2022. With 
such an estimation, current potential demand for e-motor bikes is 2.8 million e-motor 
bikes, as this is the calculated and estimated current number of conventional motor bikes 
in Ghana. A research gap exists on the viability of a sustainable business model based on 
e-mopeds, the business potential for converted ICE motorbikes and the environmental 
impact of such a substitution of conventional ICE motorbikes. 


3 Methodology 


3.1 Profitability of a Shared LEVs on a Campus 


The possibility of an e-moped sharing system at the KNUST University in Kumasi is 
imagined as an example that can be scaled up to similar institutions in Ghana. Assump- 
tions have been estimated based on one-on-one interviews and email correspondence 
with experts in the field of EV sharing systems (Russ P., Tier Mobility GmbH, 2021), 
findings after reviews of the Ghanaian tax and business registration systems (Aryee M.A., 
MEK Consult and HR Essentials LLC, 2021), and the business model of the private e- 
mobility service provider, Solar Taxi Ghana. Details of correspondence is included in 
the appendix. Detailed cost considerations can be found in the appendix giving greater 
context to the profitability analysis. An average drive on campus from takes eight min- 
utes based on existing campus shuttle service, speed limits and a survey of students and 
staff on the KNUST campus to understand transport needs and dynamics [17]. 10 cents 
per minute was set as the fee per ride based on current costs on the campus. A business 
model canvas for the operation is provided below (Table 1): 
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Fig. 1. Business Model Canvas for campus sharing system based on the work of Osterwalder & 
Pigneur [11, 18] 


Table 1. Assumptions for shared LEV business model on a university campus. 


Description Assumption 
Number of e-mopeds 40 e-mopeds with an LEV available every 500 m 
Number of rides 10 rides per LEV a day 


Replacement of e-mopeds | 1,5 new e-mopeds per year needed compensate for the loss caused 
by theft, vandalism, and total damage 


3.2 Conversion and Profitability Analysis of an ICE Motorbike 


Technical feasibility of conversion of an ICE motorbike is proven by the creation of a 
minimum viable product (MVP) of a converted motorbike. Due to protection of pro- 
prietary information and protection of trade secrets of the private firm Solar Taxi, a 
basic overview of the conversion process and its key components are provided. The 
components of electric motorbike that require modifications include the original frame, 
swingarm, brushless DC motor, electronic speed controller (ESC), lithium-ion battery 
pack, power transmission, DC-DC converter. Parts that were replaced are; the engine, 
starter battery, throttle, clutch lever and dashboard. These parts were replaced with: 5kW 
chain driven motor, 50Ah Li-ion battery pack, motor controller, hall sensor throttle, and 
an electronic dashboard. Mechanical fabrication involved creating a platform to seat the 
electric motor, creating a housing for the battery pack a platform to mount the motor 
controller. The former location for the engine now contains the electric motor and the 
battery pack. The former location for the battery that powers the starter now houses 
the motor controller which translates actions such as turning the throttle into forward 
or backward movement. The battery used in the conversion is the HYSJ 21700E. This 
cell has a 3.7V nominal voltage and capacity of 17.76 Wh. It has a nominal capacity 
of 4800 mAh, has a maximum charge current of 3A and a maximum discharge current 
of 15A continuous and 25A short term. Determination of the potential pricing model 
for the converted motorbike was done by analyzing the cost implications of commercial 
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production and market entry scenarios. Both analysis is based on information and inter- 
views with the private sector firm Solar Taxi. There are two different business models 
when it comes to conventional motorcycle conversion. In the first scenario, the company 
buys conventional used motorcycles, converts them into e-motorcycles and sells them 
to customers who do not yet own a motorbike. In second scenario, the customer brings 
his own conventional motorbike to the company and the company converts it into an 
e-motorbike. Costs are presented in the excel appendix and used for the profitability 
analysis (Fig. 1, 2 and 3). 


Fig. 2. a. Conventional motorbike stripped internal combustion engine (top right, Model: Haojin 
125-32, 150cc). b. Rewired conventional motorbike linked to a battery pack (top left). c. Fully 
converted ICE motorbike at the campus of UENR (Left)(original model was Haojin 125-32, 
150cc). d. E-mopeds and stand-alone solar charging stations on the campus of KNUST (Right). 
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4 Results and Discussions 


Figure 4 shows the plotting of revenue vs known costs and shows an approximate break- 
even point after 2.300 days and thus 6.3 years. Since the exact costs for the software 
development are currently unknown, it can be assumed that the calculation will shift, 
and that profitability will occur sooner. An overview of costs and assumptions used in 
the analysis is elaborated below (Table 1 and 2). 


Table 2. Costs and revenue overview per e-moped. 


Cost type Description Cost Cost/e-moped 

Onetime costs e-mopeds, solar charging stations, | 387.760€ | 9.694,€ 
equipment 

Fixed monthly costs Wages, rental and operational costs | 2.968€ 2,44€ 


Variable monthly costs | Replace, theft, software use, update | 313,38€ 1,83€ 


Cost per ride Credit card, insurance fees, repair, | 6.393,23€ | 0,53€ 
city permits 


Revenue per ride Fixed fee and minimum 8mininute 1,40€ 
ride 
50,000 € 
soeeeeen- Revenue Costs ee 2 

e 4o,000€8 | << *. “=a § © owe 
See eo ren eh Ct. ee 
Ww 
£ 30,000 € 
5 20,000 € 
S 10,000 € 


0€ 


0 400 800 1,200 1,600 2,000 2,400 2,800 3,200 3,600 
Days 


Fig. 3. Days until one e-moped is economical. 


The cost of a converted motorbike in scenario 2 is less than a brand-new converted 
electric motorbike as defined in scenario | and the product might be more suitable for the 
local environment. In addition, the converted motorbike also has ecological advantage in 
that it is in fact a reuse case. An assessment of the price of the converted motorcycle from 
scenario one, the sales price is even higher and exceeds the price of a new electrically 
powered-motorbike. Graphs of operating costs of converted bikes vs ICE motorbikes 
for both scenarios 1 and 2 are generated to demonstrate the profitability of the converted 
motorbike as there is insufficient data for a full business case analysis. It can be observed 
the rising costs of ICE motorbikes in both instances compared to a steady slow rise in 
cost for the converted motorbike with break-even achieved after about 32.500 km of 
operation in scenario | and 22.500 km in scenario 2. It is assumed that the converted 
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motorbikes will be powered by solar charging stations whose cost is counted once as 
part of equipment costs hence no further costs are incurred for electricity supply. Solar 
charging stations used in the analysis are designed to power two e-mopeds at a time 
(Table 3, 4 and Fig. 5). 


Table 3. Costs and sales overview of converted motorbike vs ICE motorbike. 


Cost type Description Cost 


Onetime equipment costs Cost of fabrication equipment, 4.305€ 
specialized tools, etc 


Cost of ICE motorbike Cost of traditional motorcycle purchase | 672€ 


Sales cost for converted motorbike Sales cost based on imagined business 2.856,43€ 
(Scenario 1) model scenario 1 as elaborated above 


Sales cost for converted motorbike | Sales cost based on imagined business | 2.148,32€ 
(Scenario 2) model scenario 2 as elaborated above 


Table 4. Costs considered for operational costs of converted motorbike vs ICE motorbike. 


Cost type Description 


Purchase converted motorbike is dependent on the scenario whiles ICE motorbike is 
purchased once 


Engine oil Cost for engine oil change considered as 2,80€ per month 
Fuel Costs for ICE motorbike fuel considered as 2,80€ per 100 km 


Maintenance | Costs for ICE motorbike assumed to be 14,00€; costs for converted motorbike 
assumed at 2,80€ 


o 5,000€ Converted Motorcycle  =-------- Fossil Fuel Motorcycle 
g 40006 fe 
£ 3,000€ ee 
3 2,000€ |!" eet 
Š 1,000€ | -- 
0€ 
0 10,000 20,000 a 40,000 50,000 60,000 
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Fig. 4. Kilometers until the converted motorcycle is economical (scenario 1) 
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Fig. 5. Kilometers until which the converted motorcycle is economical (scenario 2) 


5 Conclusions 


Comparing the elaborated business models of LEVs on KNUST campus and the mod- 
els for converted motorbikes with literature shows that these models do fall under the 
structures defined by Zott et al. [5] in that they are sustainable in terms of emissions 
reduction and innovative being adapted to the local environment and pricing constraints. 
They are also well within the definitions of Geissdöfer et al. [9], sitting between sus- 
tainable business models and circular business models due to the replacement of used 
ICE motorbikes with converted e-mopeds. The results elaborated proves from the pilot 
of shared devices on campus of the Kwame Nkrumah University of Science and Tech- 
nology and as well the development of the prototype converted motorbike that these 
business models are indeed feasible despite long periods to profitability. Consumers in 
Ghana usually use mobility devices for a long period of time opting for repair and main- 
tenance as opposed to newer models. Proving the economic viability of one e-moped 
is necessary to extrapolate that the business model as a whole would be profitable. In 
both scenarios of a business model based on a converted motorbike, it was observed that 
lower operating costs made these models cheaper over the lifetime compared to ICE 
motorbikes and present a valid business case. The sales prices indicated are based on 
pilot projects and prototypes and hence are on the higher-end of cost pricing. These costs 
should reduce further with higher production rates dues the principles of economies of 
scale. This represents a limitation of the paper as well as these benefits are not explored 
to reduce sales costs. Further analysis in operating costs are needed to provide a deeper 
insight into lifetime costs and end-of-life costs for the converted motorbike. Finally, 
whiles this paper lays out the technical feasibility of conversion, a performance review 
of the minimum viable product is needed to compare with e-mopeds and ICE motor- 
bikes. Emissions reduction potential are well documented in literature internationally, 
however further research on the specific emissions reduction for these business models 
need to be investigated by means of a life-cycle assessment taking into account the local 
Ghanaian environment. 
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Appendix 


The authors provide a cloud folder with raw data from profitability analysis to provide 
further context for graphs and figures. 
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Abstract. Novel insights in the development of polymer coating of mild steel 
using functionalization of rice husk ash nanoparticles by activated orange juice 
were investigated. For the potentiostat/galvanostat corrosion performance of the 
coated materials, 5 wt% potassium sulfate (K2S04(aq), 5 wt% sodium chloride 
(NaCl(aq), and 1 M sulfuric acid (H2SO4(aq) were used. 78.81, 71.86, and 55.11% 
corrosion resistance of the samples of K2 S04, H2 S04, and NaCl. It was concluded 
that orange juice was able to enhance the dispersion of RHnp in the epoxy coating. 
The presence of citrate ions in the orange juice acts as a stabilizer and reducing 
agent, which was attributed to the fine grain size and good corrosion resistance of 
the composite coating. The work has established that rice husk ash nanoparticles 
by activated orange juice can be used in the development of composites coating 
mild steel. 


Keywords: Rice husk - Orange juice - microstructure - Corrosion - Nanoparticle 


1 Introduction 


The epoxy coating of mild steel has been used in recent times to combat the high steel 
in concrete [1]. The good corrosion resistance, poor electrical conductivity, and ease of 
application are the reasons behind the usage of epoxy coating in concrete [2]. However, 
the properties of the coating may not withstand service conditions such as wear, marine, 
or seawater corrosion, as a result of the hydrophilic feature of epoxy, which weakens 
the coating [3, 4]. Hence, an effort has been made by the researcher to add second 
phase nanoparticles to overcome this great problem. Tianhao Ge et al. [5] reported on 
the microstructural and electrochemical behavior of an epoxy-grapheme-zinc multilayer 
coating. Xianming et al. [6] reported on the corrosion resistance and mechanical prop- 
erties of an epoxy coating of mild steel with Fe203, SiO2, Zn, and clay nanoparticles. 
They all concluded that incorporation of nanoparticles into epoxy results in clustering 
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and agglomeration of particles [7] and that functionalization and blending treatment of 
the nanoparticles can reduce the limitations [8]. For example, organic and inorganic 
compounds such as polyaniline emeraldine salt and aminopropyltriethoxysilane have 
been used to functionalize nanowhiskers/epoxy coating of mild steel by Cleide Borsoia 
et al. [9]. 

The researcher has shown that the inorganic and organic compounds are not eco- 
friendly and costly, which hindered the wide usage of these compounds in the functional- 
ization of nanoparticles for mild steel. Effort was made in this work to develop a reducing 
agent using plant extract (orange juice) [10] because it has been reported by Aigbodion 
et al. [11] that orange juice contains phenolic compounds (ferulic, hydroxybenzoic, hes- 
peridin, hydroxycinnamic, ascorbic, and citric) that can be used as functionalization of 
nanoparticles for epoxy coating of mild steel [12]. This work used 5 wt% potassium sul- 
fate (K2S04(aq), 5 wt% sodium chloride (NaCl(aq), and 1 M sulfuric acid (H2S04(aq) 
for corrosion performance, as a continuation of the author’s and co-worker’s work. 


2 Materials and Method 


Mild steel of 0.15%C composition was grounded with a series of grit papers (240- 
1200PC) and inserted in a 2.9 wt.% hexafluorozircoic acid solution for a period of | h. 
The orange fruit was washed, cleaned, and pasteurized for 2 h at a temperature of 850C, 
and the orange juice was then activated in steam at 650C [12]. The sol-gel method 
was used in the production of the rice husk nanoparticles (RHnp) using a 35% sodium 
hydroxide solution. Details of the production procedure are discussed elsewhere [12]. 
LY556 (HERENBA BRAND) Epoxy and HY951 Hardener were used in the production 
of the epoxy coating. The modification of the epoxy was done using fluorinated poly 
(aryl ether ketone) (FPEK). The modified epoxy: hardener ratio of 2: 1 and 2%RHnp was 
used in the production of the epoxy composite coating. The epoxy was then mixed with 
10ml of orange juice to help disperse the RHNP. A spray pyrolysis machine operating at 
250rpm was used to deposit the mixture on the mild steel surface. The coated sample was 
cured on the laboratory floor for 24 h. The particle size of the RHnp was determined using 
the transmission electron microscope model (JEOL JSM840A). The microstructure was 
done using TESCAN SEM. A new corrosion tester model CHI604E was used for the 
electrochemical analysis at potentials of —1.5V to 1.5V and 0.0012V s-1. The chloride- 
based road salt, heavy industrial pollution conditions, and heavy rain conditions were 
used in this study with 5 wt% potassium sulfate (K2SO4(aq), 5 wt% sodium chloride 
(NaCl(aq), and 1 M sulfuric acid (H2SO4(aq). The polarization resistance was computed 
using Eq. | [2]. 


O BaBe 
~~ 2.3icorr(Ba + Be) 


Rp a) 


Ba = Tafel anodic constant, Bc = cathodic Tafel constant 
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3 Results and Discussion 


Figure 1 displays the TEM image of the RHnp. It was observed that segregation and 
particle clustering were not seen in the TEM image. However, random distribution of 
fine particles was observed these were attributed to the reducing ability of the orange 
juice that prevents particle clusters. A similar observation was obtained in the work of 
[4]. An average particle size of 31.94-70.99 nm was obtained. 


Fig. 1. TEM image of the pasteurized and activated rice husk ash nanoparticle 


Figure 2 shows the results of the corrosion analysis. It was observed that the coated 
samples shifted the potential to a more positive one. There is a very significant difference 
in the Tafel plot of the coated and that of the mild steel samples. The coated samples’ 
potentials were shifted to higher potentials and lower current density. The coated 5% 
NaCl sample has a higher potential and hence a lower corrosion rate. The mild steel sam- 
ples have the lowest potential of all the samples. It was observed that the %wt%K2SO4 
(aq) has a higher tendency of corrosion as a result of the lower potential, but the devel- 
oped composite has a higher potential and shifted the Tafel curves to the right in the 
three media under investigation. The higher rate of corrosion experience for the mild 
steel sample could be attributed to the fact that iron oxidation and change in pH values 
are the major factors affecting the corrosion behavior of this cast iron. At work, corro- 
sion rates of 3200, 2015 and 1016 mpy were obtained for the substrate, while the coated 
sample corrosion rates of 678, 567 and 456 mpy were obtained for K2SO4, H2SO4 and 
NaCl, which corresponded to 78.81, 71.86 and 55.11%. 
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Fig. 2. Tafel polarization plot of the electrochemical process 


Figure 3 displays the corroded surfaces of the samples. There was a great difference 
in the corroded surface of the mild steel as compared with that of the coated samples. 
The formation of passive films was noticed in coated samples. The passive films cov- 
ered the sample surface and increased the potential of the composite sample to lower 
degradation by corrosion. However, the composite sample in 5wt%NaCl has the higher 
passive film. This is the main reason the composite sample in Swt%NaCl has the higher 
corrosion resistance due to the high amount of corrosion product in the form of nodules 
as evidenced. 
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Fig. 3. Corroded surfaces of mild steel in (a) K2504, (b) H2S04, and (c) NaCl. d) K2S04 coated, 
b) H2SOx4 coated, c) NaCl coated 


4 Conclusions 


New insights in using orange juice as a reducing agent to functionalize the rice husk ash 
nanoparticle for epoxy coating of mild steel have been experimentally determined in this 
work. It was concluded that orange juice was able to enhance the dispersion of RHnp 
in the epoxy coating. 78.81, 71.86, and 55.11% corrosion resistance of the samples of 
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K2S0;4, H2S04, and NaCl 2wt%. The work finds out that the formation of nanostructure 
and functionalization with orange juice helped increase the purity of the silica content of 
the ramp. The presence of citrate ions in the orange juice acts as a stabilizer and reducing 
agent, which was attributed to the fine grain size and good corrosion resistance of the 
composite coating. 
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Abstract. Zero hunger is one of the top three goals of Sustainable Development 
Goals which is achievable by reducing the postharvest losses of the food sup- 
ply chain and improving food security. In developing countries approximately 
40% of fruit harvest goes to waste due to not having proper mechanisms, coor- 
dination and best practices and poor post-harvest management. A pilot study has 
found post-harvest losses of fresh fruits and vegetables occur in 2.29%, 1.57%, 
6.22% and 7.89% at farmer, collection center, wholesaler and retailer respectively, 
emphasizing the need of a reconfiguration. Following good practices in handling, 
introducing suitable bulk packing methods, vehicle upgrades and development 
of different supply chain configurations are some approaches in mitigating post- 
harvest losses. Therefore, it is timely to change the product flow of supply chain 
by reconfiguration. The existing configuration of fruit and vegetable supply chain 
is simulated as an agent based simulation model taking banana supply chain as a 
case study. Short supply chain branches were introduced as suggestions to avoid 
the congestion and banana getting exposed to mechanical damages. The reconfig- 
ured supply chain emitted 10% less GHG than the existing banana supply chain 
while achieving the efficiency in distribution flow. 


Keywords: Reducing PHL - Supply chain reconfiguration - Agent based 
simulation 


1 Introduction 


Sri Lanka has been ranked 66" among 113 countries in the Global Food Security Index in 
2019. In Sri Lanka the annual loss of fruit during domestic production has been reported 
about 210,000 metric tons, worth about US$90 million [1]. Postharvest losses (PHL) 
frequently occurred when packing, transporting, handling, harvesting, distributing, stor- 
age, production and retailing. To mitigate PHL, experts have suggested supply chain 
actors following good practices in handling, using suitable bulk packing methods, vehi- 
cle upgrades such as controlling systems, and supply chain reconfigurations to mitigate 
PHL. 
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1.1 Different Supply Chain Configurations 


Sri Lankan fruit and vegetable (F & V) supply chain mainly functioning as traditional and 
modern (supermarket) F & V supply chain channels. Commission system and periodical 
(fairs) system are minor operating supply chain channels [1] in Sri Lanka Table | provides 
a descriptive summary of the different supply chain channels. 


Table 1. Existing different supply chain configurations. 


Supply chain channel 


Traditional 


Description 


Composed with small scale farmers 

Value/non-value adding activities at intermediaries 

Different configurations with slight geographical and operational 
variations (Fig. 1) 


Super market 


Includes super market collection centers and central processing 
warehouse 

Proportion purchased is very low 

Low quality products are sold to traditional supply chains 

During the market gluts, purchasing from the traditional supply chain 
Transportation and overhead cost is high, cost due to damage is low 


[2] 


Commission system 


Contact commission agents in Manning market (Colombo) and 
supply by transport agents 

Farmers get paid by the commission agents 

The product ownership is not transferred to the transport agent. (They 
are not accountable for the PHL occurred) 

The PHL is deducted from the farmer 


Periodical system 


After supplying to the main distribution channels, the remainder is 
sold at the local fair 


The different ways of product flow between the intermediaries create different sup- 
ply chain channels. increased number of intermediaries makes the supply chain more 
complex while increasing the PHL leading to low profitability for farmers and higher 
prices for consumers [1]. Table 2 Provides detailed summary of the intermediaries and 


their characteristics. 
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Table 2. Intermediaries involved in the existing supply chain structures. 


Intermediaries Characteristics 


Collectors (Mobile/Centers) ¢ Buy from small scale farmers and distribute 

to DECs, whole sale markets and retail fairs 

Mobile collectors visit, harvest and purchase 

the crop or distribute to collection centers 

e When mobile collectors involved loss is 
comparatively low 


Dedicated Economic Centers (DEC) e Majority of the F & V s are distributed via 12 
DECs scattered across the island 

Transferred to another DECs, whole sale 
market or a retailer 


Central Wholesale Market (Manning Market) | e Connecting the DECs all over the country [3] 
Farmers, collectors and DECs supply F & V 
to the central wholesale market and 
dispatched to retail markets and fairs 


Super Market e Only a limited number of farmers who 
Collection Center regularly supply and who are located closer 
have the direct access 

High buying price if meet the high quality 
requirement 


Central Processing Warehouse Operated by major supermarkets 

Super market collection centers transport F & 
V to the central processing warehouse to 
store 

Sorting, grading, weighing and packing is 
done before dispatching to super markets [4] 


Fairs/road side shops Directly supply to the consumers 


At present, numerous different configurations exist as given in Fig. 1. One third of the 
total F & V in Sri Lanka is handled through farmer — DEC -— retailer market — consumer 
matrix, 20% through farmer — wholesaler — retailer - consumer marketing channel, 3% 
via local fairs and only 1% via supermarket channels [5]. Since high portion of the fruits 
and vegetables are reaching the consumers through the traditional channel, high impact 
can be made by reconfiguring. This study ultimately proposes reconfiguration of the 
supply chain to change the mode of operations. Initially, the existing supply chain of a 
selected fruit (banana) will be modeled as an agent based simulation model. Then the 
identified bottlenecks will be addressed by a reconfigured supply chain model. 
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| Super Market 
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Mobée Coltactors 
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Fig. 1. Existing F & V Distribution Channels. 


2 Background Study 


PHL estimations, their occurrences and major influencing factors for PHL have been 
widely studied all over the world. In Ethiopia, banana PHL was estimated as 26.5% and 
out of it 56%, 27% and 17% occurred in retail, wholesale and farm levels respectively 
[6]. Cross-sectional analysis to determine the extent and factors influencing PHL in the 
cooking banana value chain in Uganda has found that 14.9% of banana suffer PHL, 7.2% 
completely and 7.7% partially [7]. Carbon footprint is frequently studied in related to 
F & V supply chain. A study of greenhouse gas emission of bananas from cradle to 
retailer and cradle to grave has found overseas transport and primary production are 
the main contributors of total GHG emissions [8]. Considering the fact that banana is 
one of the most important crops in the world, none of the studies have done related to 
banana supply chain reconfiguration in order to reduce PHL, GHG emission and achieve 
operational efficiency. 

Even bananas are the widely cultivated and highest selling fruit crops in Sri Lanka [6], 
only a handful of studies have investigated different aspects of banana supply chain over 
last two decades [7].The long term trends in extent, production and cost of cultivation 
have been studied of the banana sector in Sri Lanka [8]. Value chain concept has been 
utilized to analyze the situation (characteristics, inefficiencies) of banana industry in 2016 
[9, 10]. PHL have been quantified in sour banana supply chain and associate climate 
impacts have been estimated using life cycle analysis approach [7]. The waste streams 
and causes of waste have been identified and solution frameworks have been suggested 
to minimize those wastes and to improve quality and safety of banana [11]. Appropriate 
bulk packaging system for banana bulk transportation has been introduced to reduce 
PHL due to mechanical damages in Sri Lankan distribution channels [12]. None of the 
studies have been done reconfiguring the banana supply chain to reduce PHL and GHG 
emission. This study aims proposing a reconfiguration of the supply chain to change the 
mode of operations. 
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3 Methodology 


3.1 Data Collection 


The study covered two major banana supply chain branches; starting from farmer fields 
at Embilipitiya (Southern province) and Thambuttegama (North Central province) which 
are terminating at the retail markets of Colombo, Gampaha (Western province), Kandy 
(Central province), Badulla (Uva province) and Balangoda in (Sabaragamuwa province). 
For this study, randomly selected farmers were given questionnaires and finally, 20 and 
10 farmers were selected from Embilipitiya and Thambuththegama respectively due to 
the complete information provided. From these farmers data regarding their production, 
collection, distribution, mode of transportation and quantity, wastages, storage capacity, 
selling price, buying price, waiting time at each stakeholder, number of routes, vehicle 
capacity and travelling distance at each stake holder were collected through field surveys, 
observations and personal interviews. According to the data obtained, Embilipitiya and 
Thambuththegama banana supply chains were simulated. 


3.2 Selection of Simulation Technique 


To observe the impact of each supply chain entities, the existing operations and where 
the improvements are required the agent based simulation method can be adopted by 
taking farmers, collectors, DECs centers, wholesalers and retailers as agents. 


3.3 Banana Supply Chain Case Study 


Initially, the existing banana supply chain is simulated as an agent based simulation model 
on “Simio 14” for a week and the performance measures in terms of the PHL, GHG 
emission (kgCo2eq) and lead time of the current banana supply chain are discussed. 
Then to mitigate GHG emission and PHLs them the existing banana supply chain is 
reconfigured and the performance measures of the new configuration are compared with 
the existing banana supply chain. 

A kilogram of banana is considered as one entity which is traversing through the 
simulation model. Cultivation areas have been taken as sources, and farmers, collec- 
tion centers, DECs, wholesalers and retailers have been taken as servers. From the 
retailer markets, the entities are passing to the sinks which are referred to the consumers. 
Sources, servers and sinks are connected by paths drawn according to the actual distance 
scale. EF;, Fi, ECC, TCC, EW, TW, EFV; and TFV; were referred to, Embilipitiya jh 
farmers, iÈ farmer, Embilipitiya collection center, Thambuttegama Collection Center, 
Embilipitiya wholesaler, Thambuttegam wholesaler, Embilipitiya farmer’s i" vehicle, 
Thambuttegama farmer’s i™ vehicle respectively. 


4 Results and Discussion 


When the farmers delivering banana to the collection centers/DEC, the payment is made 
for the total banana weight. Therefore, they overload the vehicle and try to deliver 
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maximum at once, eventually increasing PHL. According to the pilot study conducted it 

was found that, the second most banana PHL is occurring at the wholesale point followed 

by the collection center [9]. Since most of the farmers and mobile collectors deliver 

banana lots to the collection centers/DECs in the morning, there is a huge congestion. In 

the existing banana supply chain, entire amount of banana is going through collection 

center, wholesaler and then to different retailers while exposing to PHL at each point. 
To overcome these issues, 


e The small scale farmers are encouraged to use the collection center vehicle or a mobile 
collector rather than taking individual vehicles. 

e Large scale farmers are encouraged to supply their ripen banana directly to the 
wholesaler. 

e Collection centers are encouraged to supply the over-ripen banana directly to the 
retailers. 


When mobile collectors involve, who follow the good post-harvest handling prac- 
tices the PHL are comparatively low. The large scale farmers supplying the over ripen 
bananas directly to the wholesaler to avoid the congestion at collection center. Letting 
the collection centers directly supply the over ripen banana to retailer market is another 
strategy to reduce congestion and PHLs at wholesale. Here, in the improved version, 
all the banana lots are not traversed through the same route. Yellow color demarcated 
vehicles are used to collect banana in a defined route. Figure 3 contains direct paths 
from the Embilipitiya and Thambuttegama collection centers to Colombo retail market. 
Other than that, large scale farmers are directly supplying the wholesale markets. Since 
the loading and unloading is lesser, the probability of banana exposing to PHLs can be 
reduced (Fig. 3). 


Fig. 2. Existing Banana Supply Chain. 
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Fig. 3. Suggested Banana Supply Chain. 


Table 4. GHG emission comparison of the existing and suggested banana supply chains. 


Stage Existing Banana SC Proposed Banana SC 

PHL | Net GWP (kgCoeq) PHL | Net GWP (kgCo2¢q) 

(kg) Production | PHL Transport (ke) Production | PHL Transport 
Farmer 31.5 | 272.79 8.82 31.5 | 272.79 8.82 
Farmer to 16.3 10.43 
Collector 
Collector 21.6 6.04 21.5 6.01 
Collector 9.10 59.00 
to 
Wholesale 
Wholesale | 85.6 23.97 42.28 11.84 
Wholesale 149.94 73.63 
to Retailer 
Total 486.96 442.52 


Here, GWP when transporting and at each supply chain intermediate point as PHL 


were calculated as bellows [9]; 


GWP (transporting) = ton-kilometers x emission factor 


GWP (Organic waste) = 0.28 kgCoz(eg kg"! x Organic waste 
GWP (Production) = 0.206 kgCoreqkg! x Production quantity 
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Table 4 summarizes the variability of the GHG emission and PHLs between the exist- 
ing and the suggested banana supply chain configurations. The proposed configuration 
emits 10% of GHG less than the existing structure. Only when transporting banana from 
collection center to wholesale, as the over ripen banana portion is suggested to directly 
supply to the retailers, the distance has increased and proportionally the GHG emission 
has been increased. As the pilot study [9], reported high percentage of PHL at wholesaler 
and while transporting from wholesale to retailer points and to reduce the high conges- 
tion there, the short supply chain branches are introduced. The average traverse time has 
reduced by 24.27% in the proposed solution. Since the GHG emission is proportional to 
travel distance and the travel distance is higher in the suggested configuration, altering 
this scenario encouraging each stake holder to supply to the nearest location, merging 
with other high capacitated transport modes rather than limiting to own transport modes 
with less capacity will further reduce the GHG emission being cost effective at the same 
time. 


5 Conclusion 


Operational efficiency has been achieved by re-configuring supply chain with less PHL 
and GHG emission. Introducing the short supply chain branches for ripen and over-ripen 
banana, adding transport capacity to wholesaler and optimum vehicle utilization were 
the suggested improvements. Reducing possibility of banana lots exposing to PHL while 
transporting and processing, the GHG has been reduced by 10% increasing the banana 
distribution flow and the flow efficiency of reaching the retailer markets. 

This simulation is only based on static routing behaviors which can be pointed out as 
a limitation. This can be further extended by introducing dynamic routing behaviors in 
different scenarios. The simulation model can be integrated with the consumption rate 
at each retail market and by adding emission at each supply chain stage and vehicles 
incorporated. Path optimizing where the GHG, PHL and efficiency is optimized is yet to 
study. Vehicle capacity optimization methods for banana can be introduced to minimize 
the waste during transportation as a future study. 
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Abstract. Medical emergencies transpire in passenger cars where most victims 
fail to access immediate medical assistance bringing about worsening of their 
health or death. Incorporation of rescue and first aid drone-based systems in 
Emergency Medical Services has been proposed. The objectives being improv- 
ing response time of Emergency Medical Services, assessing the victim’s health, 
assisting in administration of first aid, real time live feed of victim’s vitals to the 
responders and mainly to outline how sustainability in healthcare can be achieved 
through adaptation of the proposed system. The key features of the first aid drone- 
based system include: a compact, architecture, aerodynamically optimized archi- 
tecture and high strength to weight ratio. Solid Works has been used for modelling 
and simulation of the proposed system. Results showed that the maximum stress 
(295MPa) experienced in the link is less than the yield strength of carbon fiber 
(1000MPa), therefore, the design is safe. Findings also showed that, the proposed 
system can help to further bridge the gap between technology and healthcare, 
hence making the current healthcare system more relevant in future. Recommen- 
dations have been made on improving the software design of the system. Further 
studies on the design of quadcopters with high range, payload, endurance and 
speed has been proposed. Overall, the research focused on how robotics, Artifi- 
cial Intelligence, and Internet of Things (Industry 4.0) can been used to improve 
Emergency Medical Services response to health emergencies. 


Keywords: Artificial Intelligence - Emergency Medical Services - First Aid - 
Health Emergencies - Industry4.0 - Internet of Things - Passenger Car - 
Robotics - Sustainability 


1 Introduction 


According to statistics of the World Health Organization, each year, approximately 1.35 
million people’s lives are cut short because of road traffic accidents [1]. The initial 10 min, 
as indicated by some specialists, are named as ‘Platinum Time’ in response to accidents 
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[2]. Though every victim’s severity of the injury and introductory clinical treatment, 
alongside the minimum time expected to save their life, may vary, accomplishing this 
minimum time is of utmost importance. The road is the most used mode of transport when 
responding to road traffic accidents. However, time taken by the emergency services to 
attend victims of accidents is prolonged by a lot of factors such as road traffic and poor 
conditions [3]. Therefore, there is a need to develop not only more efficient emergency 
rescue system but sustainable frameworks as well. Well so long as motor vehicles are 
used, road traffic accidents will prevail. Thus, the design of a sustainable rescue and first 
aid drone-based system for passenger car occupants to be incorporated in Emergence 
Medical Services has been proposed. 

Sustainability is the capacity to develop and execute technologies or strategies, which 
are self-sustaining without risking the potential for future generation to address their 
needs [4]. Robotics for sustainable development stays an intriguing challenge where 
research and healthcare in developed and undeveloped countries can both contribute 
and benefit [5]. The main merit of using sustainable robotic systems in healthcare is 
improved chances of accidents victims’ survival, mainly during the golden hour [6]. 


2 Literature Survey 


Unmanned Aerial Vehicles (UAV) are more properly known as drones [7] and in coa- 
lescence with Global Positioning System (GPS), the flying machine can be remotely 
controlled or fly autonomously by software-controlled flight trajectories in their embed- 
ded frameworks [8]. One of the recent designs in robotics is a quadcopter designed to 
adopt a manipulator [9]. SOTA. 


2.1 Applications of Drones in Healthcare 


Drones are used to monitor disaster sites, areas with biological and chemical hazards 
and track disease spread [7]. One of the most promising uses of drones is in the emerging 
field of telemedicine, the remote diagnosis and treatment of patients using telecommu- 
nications technology. Another use of drones in the medical field is delivery, for example, 
the ambulance drone designed by Alec Mormont, where in his version, a smartphone app 
is used to call the drone during an emergency. Researchers noted that the drone arrived 
more quickly than Emergency Medical Services (EMS) in all cases with an average 
response time of 16:39 min [3]. Note, compared to helicopters and airplanes drones are 
energy efficient and produce less noise. 


2.2 Importance of First Aid in Road Traffic Accidents (RTA) 


In the case of an accident, prompt help of bystanders can save lives and decrease damage 
to health. The International Federation of the Red Cross and Red Crescent Societies 
(IFRC) states that more than 50% of deaths from road traffic accidents transpire within 
the initial couple of minutes after the crash. In the case of cardiac arrest, the brain 
starts to die in the span of four minutes [10]. Each and every single minute decreases 
the possibilities of survival by 10%. In Europe, it takes roughly 8—15 min before the 
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emergency service arrives [11]. Numerous critical conditions have to be treated a lot 
quicker, so the assistance of bystanders is important. However, the number of individuals 
that have gone through first-aid training does not necessarily show an elevated degree 
of competencies, readiness to assist on the required level. Thus, an adaptation of drone 
technology is essential. 


3 Materials and Methods 


3.1 Developing Possible Solutions 


To select the optimal rescue and first aid drone-based system, Solid Works was used to 
develop three concepts. The first drone design was initially designed based on using the 
least number of materials to achieve the aims and objectives. Still, it consisted of frames 
attached to the motors leading to poor safety. The second concept was an improvement of 
the first concept, and this was achieved by inserting propeller guards there by enhancing 
safety. The third concept was developed based on making the strongest and safest arm 
design while still achieving all the objectives. This was achieved by adding a fuselage 
around the drone frames and propeller guards, thereby enhancing safety and aerodynamic 
efficiency. 


3.2 Concept Selection and Detail Design of Selected Concept 


A binary dominance matrix was used for selecting the optimal concept amongst the three 
and the third concept ranked number one and was selected for further development. The 
first step in designing the first aid drone was segment development for the whole machine. 
The following are the segments of the chosen design: first aid box, frame and propeller 
guards, robotic arm and actuation, software design, sensors, battery, circuit design and 
end effector. 


3.3 Determining the Minimum Length of the Robotic Arm 


The arm should perform first aid and assess the victim’s health while they are still stuck 
inside vehicle or outside the vehicle. In the invent they are inside the vehicle the arm 
should be of adequate length to reach all the victims inside the car. To make sure the arm 
has an adequate length, standard dimensions of common ten cars were considered. A 
Land Rover Defender with standard dimensions: 4758 x 1996 x 1967mm (longest width), 
was considered and hence, the length of the robotic arm should be at least greater than 
1996mm. 


3.4 Static Structural Analysis 


To obtain the displacements, stresses and strains acting on the robotic manipulator com- 
ponents, finite element-structural analysis was done. Static simulation tool in Solid 
Works was used to perform the static structural analysis. 

The Von Mises stress failure criterion was used for the stress analysis. The simulation 
results were done for the link experiencing the highest load, that is, link 1, see Table 1 
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Table 1. Loads acting on the robotic arm link 


Member Torque /Nm Force /N Safety factor Critical load/N 
Base link 13.49 

Link 1 8.79 25.17 1.5 37.76 

Link 2 4.38 21.09 1.5 31.64 

Link 3 1.25 16.22 1.5 24.33 

Link 4 11.35 1.5 17.03 


above. A vertical force of 37.7N was applied at the link front while the back was fixed, 
where the preceding link connects. Carbon Fiber was selected as the main drone material 
because of its high strength to weight ratio (density = 1.6 x 10°g/m?). Each link was 
assumed to be a hollow cylinder and mass determined using the following formula: 
Mass = Density x Volume. The Table 1 below summaries forces and torques acting 
on each link derived from their masses. A safety factor of 1.5 was used to cater for the 
electrical and other auxiliary components. 


4 Results and Discussions 


The proposed systems consist of a six-link robotic manipulator, with six degrees of 
freedom, attached underneath a drone and for design simplicity, a quadcopter has been 
used. A pneumatic link which is the last link to be connected to the end effector, shown in 
Fig. 1 below, was adapted for performing Cardio Pulmonary Resuscitation (CPR) during 
system operation, and this is the unique part of this medical manipulator compared to 
those already in the market, though the gripper system design was not part of project 
scope. Precisely, the robotic arm’s end effector application distinguishes it from other 
medical robots such the Da Vinci used in laparoscopy surgery. The system components 
include drone fuselage (1), camera (2), dc motor (3), propeller (4), propeller guards 
(5), landing gear (6), first aid box (7), the robotic arm (8), compressor (9) and valve 
(10), see Fig. 1 below. The general operation of the rescue and first aid drone system 
is summarized in the flow chart below, see Fig. 4. These include mainly performing 
first aid at the site and in addition normal rescue operations, such as in Alec Momont’s 
ambulance drone [3]. These processes (see the flow chart) will be done while the EMS 
are on their way to the accident scene, and upon arrival, they can relieve the drone and 
take over the situation. Findings also show that, there is a need to incorporate a first 
aid drone to assist ambulances (EMS) during medical emergency rescue operations. 
In addition, one advantage over the defibrillator, is that the arm can perform CPR on 
anyone, as long as there are within the arm’s reach and there is enough space for the arm 
to operate. Also, a small defibrillator can be added to the system to improve the overall 
efficiency by complementing the pneumatic link. From the simulation results, see Fig. 2 
and Fig. 3, the maximum Von Mises stresses 2.95 x 10°N/m? experienced in link 1, 
is way below the yield strength of the material (1.01 x 10?N/m7?) and the maximum 
displacement of the link is relatively small 3.928 x 10~!mm. Therefore, the design is 
safe under the above loads. 
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4.1 Achieving Sustainability in Healthcare: A Sustainable Rescue and First Aid 
Drone-Based System 


The developed sustainable rescue and first aid drone-based system is of paramount 
importance when it comes to sustainability as a whole, that is, to achieve sustainability 
in healthcare and manufacturing industry such systems need to be adopted. As, a large 
portion of the rising worldwide consideration regarding air pollution centers around 
the effects that ozone, particulate matter and different toxins have on human health. 
The World Health Organization (WHO) predicts that air pollution inside and outside 
the house is answerable for around 7 million early deaths around the world [12]. Yet, 
more than one billion motorized vehicles are driven on the earth today. In the following 
twenty years, vehicle possession is expected to reach twofold around the world [13]. 
The quantity of motorized vehicles all over the planet is expected to yearly increment 
by 3% [14]. Established researchers trust that greenhouse gas emissions, particularly 
carbon dioxide (CO2), should be diminished by 50 to 80 percent by 2050 to balance out 
the climate and turn away economic and natural disasters [15]. 


Fig. 1. First aid drone exploded view 


From the above preamble, the key statements to note is, car are very reliable and 
efficient machines, the main problem is greenhouse gas emissions associated with the use 
fuel and hence that is how the proposed system comes into play. Obviously, this rescue 
and first aid drone system will not replace the cars but since it is a new system introduced 
to improve safety in roads and save lives. One might argue that vehicles, airplanes and 
helicopters ambulances are there and some are even faster than the proposed system, 
well the difference is that this system also preserve the environment by not contributing 
directly to greenhouse gas emissions since it uses a battery instead of fuel. Also, note 
batteries have a negative impact on the environment and their affect in drone applications 
is less compared to helicopters since helicopters use both larger batteries and fuel. Also, 
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recently environment friendly electric cars have been developed, so why this rescue and 
first aid drone? Aside from the relatively inexpensive cost of the rescue and first aid 
drone-based system compared to other emergency and rescue systems, more vehicles 
mean more traffic (one to two billion by 2040), and road development cannot stay up 
with growing mobility requests. The main objective of medical emergency systems, is to 
attend to emergencies as promptly as possible but by 2040 this might prove to be even a 
greater challenge for most road ambulances around the world. However, this will not be 
a hurdle for the rescue and first aid drone system, it flies. Thus, achieving sustainability 
in healthcare. 

The WHO predicts that injuries associated with road traffic will ascend from their 
current ninth position in the cause-of-death to the fifth spot by 2030 — being responsible 
for 2.4 million deaths, as well as somewhere in the range of 20 and 50 million injuries, 
generally of young people, and at a huge expense for the economies [16]. With this 
in mind, it is pellucid that, emergency medical services must adopt very effective and 
efficient emergency medical systems to battle what is to come, such as the proposed 
rescue and first aid drone-based systems for passenger car occupants. 
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Fig. 2. Total deformation of link 1 Fig. 3. Stress distribution of link 1 


Furthermore, by 2030 cities will be called smart, that is, they will be connected to 
everything through the use of Internet of Things (IoT) and some manufacturers are inte- 
grating new technologies such Artificial Intelligence, machine learning, cloud computing 
and analytics, into their production and all around their operations [17]. Although, these 
new technology systems have been adapted in healthcare as well, still a niche lacks, thus, 
the proposed system can help bridge the gap between technology and healthcare, hence 
making the current healthcare system, such as the robotic first aid system [18], more 
relevant in future. Further, note should be taken that the application of the sustainable 
rescue and first aid drone-based system is not limited to road traffic accidents only but 
can be used for all emergencies like cardiac arrest and heart attack. Also, in this regard, 
large industrial plants can adapt it to improve safety and save lives. 
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Fig. 4. Flow chart for the rescue and first aid drone-based system. 


5 Limitations 


The main sustainable rescue and first aid drone-based system’s limitation is endurance, 
which is directly proportional to the drone battery life. At the same time, the whole 
processes associated with use of batteries has a huge impact on the environment and 
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hence a high effect on sustainability of the system. In addition, the methods used to 
dispatch the drone fully depends on respondents at the scene. 


6 Recommendations and Conclusion 


The first aid drone system is meant to be intelligent, and hence software design plays 
a pivotal role in the system function; thus, further research should be done on how 
to improve the AI of the whole system. In addition, further studies on the design of 
quadcopters with high range, endurance, payload and speed has been proposed. 

This research’s objective was to improve the response time, quality of first aid given 
to passenger car occupants case of medical emergencies and most of all to outline how 
sustainability in healthcare can be achieved through adaptation of the rescue and first 
aid drone-based system. It was against this background that the researchers proposed 
implementing the first aid drone to assist in conducting first aid and improving the 
response time of Medical Emergency Services. A model of a robotic arm has been 
designed, and Von Mises stress analysis was conducted using Solid Works. The research 
findings confirmed that adapting the rescue and first aid drone-based system, can help 
achieve sustainability in healthcare. From the research conducted so far, it can be shown 
that, the science and technology of this system are very sophisticated, but can and must 
be implanted, if we are to achieve sustainability in healthcare. 
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Abstract. Sustainable manufacturing pursues the achievement of economic, envi- 
ronmental, and societal benefits by promoting the long-term use of materials, prod- 
ucts, and components within a circular economy. The analysis of one-of-a-kind 
classical products reveal some designs that exhibit a creative combination of parts 
from a variety of industrial sectors. For example, Italian designers behind some 
innovative artifacts have managed to integrate components from different sources 
into attractive and emotional-oriented objects that are revered to this day. The 
present work aims to combine 6R-based sustainable manufacturing with insights 
gained from some classical products of Italian design characterized by simplicity 
and decontextualization of common objects. This manuscript presents the design 
process for leveraging concepts embodied in some unique artifacts from the Italian 
design movement to inspire the realization of sustainable products. A commercial 
household item was redesigned to demonstrate the application of the approach 
by utilizing end-of-life items collected from municipal solid waste. The potential 
benefits of the triple bottom line approach associated with leveraging concepts, 
such as those from Italian design, to develop more sustainable products is also 
discussed. 


Keywords: Sustainable manufacturing - 6Rs - Italian design - Sustainable design 


1 Introduction 


The foundation of sustainable manufacturing (SM) is the triple bottom line (TBL): 
economic, environmental, and societal benefits. SM is achieved by means of the 6Rs: 
reduce, reuse, recycle, recover, redesign, and remanufacture, which enable closed-loop 
material flow [1]. Reuse and remanufacture are preferred strategies over recycling as it 
destroys most of the embodied energy (the resources invested into making products), 
but neither is possible without end-of-life (EoL) recovery strategies [1, 2]. One critical 
R that is most overlooked is redesign. The design/redesign stage dictates the extent to 
which closed-loop material flow is possible, and it requires thinking beyond a single 
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loop [3]. If a product is not designed to be recovered and recirculated from the outset, 
then it becomes harder to apply the 6Rs approach as 80% of costs and sustainability 
impacts are determined during design [4]. 

Besides, as the world becomes more urbanized, there is more consumption of manu- 
factured products and an increase in waste when those products are disposed. Municipal 
solid waste (MSW) is defined as items that are discarded from residential and commer- 
cial sources, or materials that have lost their value to the holder [5, 6]. More than 292 
million tons of MSW was generated in the U.S. alone in 2018, and only 38.2% of it was 
recycled or composted [7]. Thus, integrated waste management, which is the handling of 
waste in an economically and environmentally sustainable, socially acceptable manner, 
becomes paramount [5]. 

This study leverages insights from the discipline of Italian design (ID). While it is 
difficult to give a univocal definition of ID, it can be said that Italian designers consider 
three benefits when creating a product: functional, emotional, and symbiotic [8]. This 
is supported by Bosoni [9], who states that the Italian designer is “the antithesis of 
the engineer or technician concerned only with function or production”. Emotional and 
symbiotic benefits speak to the consumer on a level deeper than just the core functionality. 
This aspect of human nature is described by Verganti [10]: “what matters to the user (in 
addition to the product’s functionality) is the product’s emotional and symbolic value— 
its meaning. If functionality aims at satisfying the operative needs of the consumer, 
the product’s meaning tickles her or his affective and sociocultural needs.” Thus, Italian 
designers naturally have a different perspective on ‘aesthetics’ than designers from other 
schools of thought, especially those lacking a designer background, such as a corporate 
executive who thinks that design is purely styling [10]. 

The classical IDs that inspired this work (shown in Fig. 1) were designed by Achille 
and Pier Giacomo Castiglioni, brothers who pioneered the ID scene in the ‘50s and 
‘60s. These designs represent a relevant development of ID, combining functionality, 
aesthetics, and simplicity. The Castiglioni brothers masterfully joined functionality and 
beauty in these three objects characterized by the principles of the Dadaist “ready-made” 
concept that decontextualizes common objects. They proposed the Mezzadro (Fig. la) 
and Sella (Fig. 1c) stools, which creatively combined components from different indus- 
trial sectors, realizing unique and iconic products. For instance, the Mezzadro utilizes a 
tractor seat, and the Sella utilizes a bicycle seat. All components were new, but instead 
of being employed in the product they were designated for, they were repurposed into a 
different product entirely. In 1962 they followed up this concept by proposing the Toio 
floor lamp (Fig. 1b), which encompasses a car headlamp (automotive industry), a fishing 
rod (sporting industry), and a transformer (electrical industry). All these products went 
on to become icons of ID and are still being produced to this day. Looking at these items 
from the lens of SM, they demonstrate opportunities to apply many of the 6Rs: com- 
mon items (e.g., stool, lamp), were redesigned to incorporate components from various 
industrial sectors as materials, which enhances their long-term use and reduces efforts 
during manufacturing [11]. While the ID classics shown in Fig. 1 were not designed with 
the intent to promote SM, they do offer insights to deploy the 6Rs approach, and possibly 
extend their definition and meanings. For example, if the components were to be sourced 
from MSW (i.e., EoL items) instead, but keeping the decontextualization concept and 
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origin from different industrials sectors, this could enable closed-loop material flow over 
multiple life cycles. 


(a) 


sit 


Fig. 1. Images of (a) Mezzadro stool [12]; (b) Toio floor lamp [13]; (c) Sella stool [14]. 


2 Methodology for Leveraging Insights from Existing Designs 


2.1 Proposed Design Process 


The aim of the present work is to bridge some ideas and concepts from ID artifacts with 
those from SM to synthesize new sustainable products. To illustrate the proposed design 
process for creating such products, the sustainable engineering design framework by 
Gagnon et al. [15] was adapted to align ID ideas/concepts with SM. The four stages of 
the product design process are described below (Fig. 2). 


1. Planning & Problem Definition: To incorporate different perspectives, the chosen 
design team should be multidisciplinary, including individuals from diverse back- 
grounds. The design principles (6Rs, closed-loop flow, aesthetics, etc.) and TBL 
sustainability goals should be established early on and investigated through litera- 
ture review to broaden the design team’s understanding. The planning process must 
consider all stakeholders’ interests and possible inputs. 

2. Conceptual Design: The product/material requirements can cover the use of EoL 
items sourced from MSW. While some virgin materials (e.g., screws, paint, adhe- 
sives, etc.) may be required to fabricate the new products adopting the proposed 
approach, it is envisioned that most of the component usage for the products would 
consist of EoL items. Thus, the starting point is finding potential usable EoL items 
and compiling them into a list. The chosen items must be compatible for assem- 
bly into a final product such as those shown in Fig. 1. To meet the sustainability 
criteria, items should be selected based on their impact on the waste stream and 
accommodation for closed-loop flow. 
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Fig. 2. Framework for leveraging insights from classical IDs to create sustainable products. 


Preliminary Design: The previous list of EoL items must then be filtered to include 
only items suitable for a new life cycle by excluding single-use, disposable compo- 
nents that may be contaminated and cannot be treated/cleaned. Then, examples that 
offer opportunities to incorporate 6R-based sustainable design practices (such as the 
designs shown in Fig. 1) must be identified to serve as reference. The refined list of 
EoL items and the reference examples can then be used to inspire novel products. 
The integration of insights from ID classics is especially prevalent in this stage, as 
the design of products based on components taken from different industrial sec- 
tors implies high artistic creativity. The best design is determined by considering 
sustainability impact, functionality, ease of prototype construction, aesthetics, and 
stakeholder input. 

Detailed Design: Once a design that satisfies the required criteria is selected, minor 
design modifications might be necessary to ensure feasibility and functionality. After 
the design is finalized, the next step is to procure materials for assembling a prototype. 
Then it must be tested and strained to guarantee quality and safety. Finally, the project 
should be documented for presentation to stakeholders. 


2.2 Application of the Proposed Design Process 


The above process was applied to redesign a common household item by building a 
proof-of-concept prototype from EoL items across different sectors. The three ID clas- 
sics shown in Fig. | inspired this work for their ‘out-of-the-box’ thinking. Using this 
idea of combining miscellaneous EoL items into a new product, the aim was to see if 
usable materials and components could be incorporated to form new, sustainable prod- 
ucts that are practical, affordable, and attractive. As MSW generation has been rapidly 
increasing, the vision here is that reusing EoL items for new products can contribute to 
landfill reductions. Additionally, it is not necessary to build new manufacturing tools 
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to produce the components, because those components are currently available, and the 
manufacturing process is already established. This section discusses how each stage of 
the design process in Sect. 2.1 was performed to develop a sustainable prototype. 

For Planning & Problem Definition, a multidisciplinary team of four members was 
formed. A literature review on the history of ID companies and products, as well 
as sustainable design practices, was conducted to establish an understanding of both 
disciplines. The team also studied different aspects of sustainability across the TBL. 

For Conceptual Design, special attention was given to selecting items that had a 
major impact on the waste stream. To this aim an extensive web search was conducted 
to find the most common and impactful examples of MSW, and a list of 22 items was 
compiled. Some of the most notable (and eventually selected) identified items are: 


e Polystyrene (PS) coat hangers and polyvinyl chloride (PVC) pipes: Coat hangers and 
piping are some of the most common uses for PS & PVC, respectively; 15 billion 
hangers are produced by the garment industry annually [16]. The CO2 emissions 
generated from this is equivalent to the usage of 4 billion plastic bags or the emissions 
from 1.5 million cars [16, 17]. Millions of tons of PS & PVC products contaminate 
oceans at EoL in the form of microplastics every year, ensnaring marine species, 
leading to morbidity and mortality [16, 18]. Less than 1% of PS & PVC was recycled in 
2018 [7]. What little is recycled is granulated into chips, which destroys the embodied 
energy. Another EoL recovery method is incineration, which is not viable for plastics 
because of the emission of toxic compounds [19]. 

e 2 x 4 wooden studs: Nearly all residential structures in the U.S. use traditional 2x4 
wood-framing [20]. Recycling wood requires it to be ground and used for mulch or 
boiler fuel (again, destroying the embodied energy), so it is preferable to reuse in 
its whole form [20]. Diverting wood recovered from structures at EoL from landfills 
can significantly improve the energy and carbon balances of buildings, as landfilling 
creates large greenhouse gas emissions because of methane release [20, 21]. Wood 
recovery and reuse can also decrease deforestation because there is less need for timber 
harvest [21]. It is estimated that about 43-90% of solid wood waste is suitable for 
recovery and reuse [20, 21]. However, again signifying the importance of the design 
process, the recovery rate is highly dependent on whether structures are designed to 
facilitate the recovery of materials at EoL [22]. Only 17.1% of MSW from wood was 
recycled in 2018 [7]. 


For Preliminary Design, the list from the previous stage was filtered to remove items 
that were deemed unfit for a new life cycle, after which only 15 items remained. Next, 
the products in Fig. 1 were chosen as the reference designs for brainstorming. Using 
the filtered list of EoL items and the selected ID classics in tandem as inspiration, two 
concept sketches were produced by each member of the multidisciplinary team. The 
concepts were mainly furniture items, trying to imitate the examples in Fig. 1. Using 
feedback from stakeholders, the best design was found to be a coat rack constructed 
from PS coat hangers, a PVC pipe, and 2 x 4 wooden studs—coat hangers come from 
the garment industry and the latter two are found in multiple industries like construction. 

For Detailed Design, the coat rack concept sketch was modified for a more robust 
configuration—e.g., in the concept sketch, the coat rack originally only used the swivel 
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hooks from coat hangers as the hooks, but that was changed to utilize the entire hanger. 
The final coat rack assembly is shown in Fig. 3. It was tested and found able to support a 
9 Ib. load on each hook, comparable to the capacity of a similarly sized conventional coat 
rack of 11 lbs. Thus, the prototype is capable compared to its conventional counterpart. 
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2x4 studs 


Fig. 3. Assembly of coat rack prototype. 


3 Sustainability Impact 


The sustainability performance of the coat rack could not be evaluated due to the lack 
of available data (quantity, condition, sizing, etc. for the items used in the product). 
MSW is difficult to quantify because most solid waste data is not collected regularly 
[23]. The limited MSW data that does exist is unreliable because it may be outdated, 
inaccurate, or inaccessible [24]. An assessment of the reductions achieved because of 
already available, reliable, and optimized manufacturing tools will also be necessary. 

The authors envision a system where companies can use the residuals from EoL 
products to create new products, such as the coat rack prototype presented in this paper. 
Commercializing products such as the coat rack exemplified in this work can have many 
potential benefits for the TBL: 


e Economic: Promoting the long-term use of materials/components and the use of 
shared manufacturing tools will contribute to decreased resource and production 
costs. Since companies would be symbiotically dependent, costs would be shared 
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amongst multiple companies [25]. There would also be decreased costs during pre- 
manufacturing: since MSW is being used as raw material, this lowers the need to 
extract resources from the environment. The novelty of the products can also increase 
their attractiveness, raising the economic value to customers. 

e Environmental: The waste that would normally be considered worthless and sent 
to landfills is now being absorbed and incorporated into other products [25]. There- 
fore, the greenhouse gas emissions generated from natural resource extraction and 
waste disposal is mitigated. Wildlife also benefits from less waste entering ecosys- 
tems such as forests and oceans. The reduced material usage for tools and longer life 
for products/materials also decreases waste generation. 

e Societal: There are emotional and symbiotic benefits for the consumer associated 
with products resembling ID classics. Society benefits from goods that are made for 
lasting and for long-term use. Furthermore, if the concept of using EoL components 
as a resource is normalized, then there would be a foundation for policy makers 
to implement regulation that furthers environmental-protection and eases economic 
restrictions on businesses, which allows for new jobs to be created [25]. Society also 
benefits from more affordable products because goods made from MSW would be 
cheaper to make than goods made from virgin material. 


4 Conclusions 


The conventional approaches of landfilling, incineration, or even recycling of waste are 
not sustainable because of their harmful effects on the environment and low retention 
of embodied energy. Thus, the idea of synthesizing new, sustainable products from EoL 
items using inspiration from ID classics was presented in this paper. A foundational 
framework was proposed to design novel and sustainable products leveraging ideas 
such as those from ID and SM. The proposed framework was applied by redesigning 
a coat rack to illustrate the potential products that can be manufactured. Furthermore, 
depending on what kinds of EoL items are incorporated into the product, there are 
numerous potential benefits for the TBL. 

Due to time and resource constraints, a full sustainability performance assessment 
could not be conducted. Another topic that was not explicitly addressed is the logistics for 
the return, transportation, and treatment of MSW items at EoL. Incentives for the return of 
EoL materials will be required, and it is imperative to ensure that the materials recovered 
are safe for reuse and not too costly for refurbishment. The commercial viability of 
products such as the coat rack prototype depends on more in-depth analyses relating 
to the aforementioned factors. Future work could attempt to analyze these issues and 
assess the business case for designing novel products that generate value from waste, 
which would enable closed-loop SM and promote a circular economy. 
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Abstract. In today’s manufacturing world, there are large, interconnected produc- 
tion networks. Production is constantly influenced by trends such as the Toyota 
production concept or Holistic Production System. Numerous companies have 
already introduced a Holistic Production System. Though, to achieve the great- 
est success with it, the Holistic Production System must be implemented across 
the entire production network. This means that more and more companies are 
setting a condition for their suppliers: They must also implement a Holistic Pro- 
duction System. However, not only the introduction but also the maintenance of 
a Holistic Production System is associated with a high level of effort. To reduce 
the effort required for a Holistic Production System, Biological Transformation 
offers a promising approach. Especially since principles from nature are resource- 
saving. This paper presents a systematic literature review. This review examines the 
extent to which biological principles are already being used in Holistic Production 
Systems. 


Keywords: Holistic Production System - Biological Transformation - Literature 
review 


1 Introduction 


The framework of production has changed significantly due to an ever-increasing 
dynamic [1]. Globalization has increased the importance of global trade in particular 
[2]. Companies are focusing more and more on their key developments. As a result, 
increasingly complex and interconnected networks are emerging. Due to globalization, 
worldwide production networks exist [3]. Several companies already operate a Holistic 
Production System (HPS) intending to achieve the highest possible output with their 
available resources [4]. An HPS is a company-tailored-fit set of methodical rules for 
extensive and universal production planning that consists of various principles [4, 5]. 
The reasons for introducing an HPS can be internal as well as external [6]. Nowadays, 
companies expect their suppliers to have an HPS as well because the potential of an 
HPS can only be fully developed if the entire supply chain is integrated [6]. However, 
maintaining an HPS requires a significant amount of time and effort. 
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Numerous biological principles apply to production. In nature, there are several sys- 
tems and processes that conserve resources, such as photosynthesis. Therefore, principles 
from nature are offering a promising approach to support HPS. Transferring phenom- 
ena from biology to technology is called Biological Transformation [7, 8]. Biological 
Transformation is already being applied in numerous areas of manufacturing, such as 
product surfaces or robotic [9]. Implementation possibilities of Biological Transfor- 
mation are distinguished in Bio-Inspired, Bio-Integrated, and Bio-Intelligent-Solutions, 
depending on the level of interaction of biosphere, technosphere, and informationsphere 
The interest in Biological Transformation in manufacturing systems is growing [8]. Bio- 
logical Transformation pursues two focuses. The first focus is on sustainability. The 
other aspect is competitiveness through the development of more efficient and robust 
production systems [10]. 

As described earlier, Biological Transformation is already being applied in numerous 
fields. To this end, this paper presents a systematic literature review relating to the current 
state of Biological Transformation in Holistic Production Systems. For this purpose, 
the structure of Holistic Production Systems and their principles are presented in the 
following section. After that, the method for systematic literature research as well as the 
implementation and its results are presented. 


2 Structure and Principles of Holistic Production Systems 


An HPS is an enterprise-specific model for process design [4]. Figure | shows the 
schematic structure of an HPS. In the first step, goals are set, such as increasing quality. To 
achieve this global goal, subgoals are derived from the main goal. Subgoals for increasing 
quality can be, for example, sustainable process control and product development in line 
with assembly requirements. The goals have an impact on the processes in the company 
[5]. According to FEHR ET AL., in addition to production processes, processes from 
marketing, research and development, planning, logistics, quality assurance, controlling, 
financing and human resources are also part of the HPS [11]. Function-oriented structures 
have numerous interfaces, consequently, there is an increased coordination effort. HPS, 
therefore, focuses on process orientation and design with a low number of interfaces. 
This results in the transparency of the processes. To achieve subgoal 1, it is necessary to 
consider manufacturing processes. For subgoal 2, the construction process is considered. 
The corresponding process principles are selected in the next step. By selecting the 
principles, the available methods and tools are narrowed down. A distinction is made 
between the principles: 


standardization, 

zero defects principle, 

flow principle, 

pull principle, 

continuous improvement process, 

employee orientation and management by objectives, 
avoidance of waste, 

visual management. [5] 
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The zero-defect principle contributes to the achievement of the aforementioned 
objectives. The methods and tools are used to achieve the goals. These are assigned 
to the principles depending on their orientation. For the increase in product quality and 
process control Poka Yoke is a suitable example of a method of the zero-defect principle 


[5]. 
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Fig. 1. Schematic structure of an HPS [5]. 


3 Literature Review 


3.1 Methodology 


There are two different types of searches to identify scholarly articles on a topic. The 
so-called snowball search involves undirected research. This means that further papers 
and contributions are identified in relevant articles in the reference list [12, 13]. However, 
this type of search is characterized by a certain subjectivity [14]. In contrast, there is 
a systematic literature search, which is based on a structured and reproducible method 
[15]. The procedure of a systematic literature review is shown in Fig. 2, the first step 
is to define the research question. Based on this, the search algorithm is defined. In the 
third step, the databases to be searched are determined. During the search, the fourth 
step is to filter according to various aspects. After the search is completed, the identified 
literature is evaluated [14]. 


3.2 Research Question, Search Algorithm, and Databases 


As can be seen from the introduction, this paper focuses on the Biological Transformation 
of Holistic Production Systems. In addition to contextual containment, operational con- 
tainment is also performed. To identify the relevant literature, no restrictions are made 
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Determination of the scope and the research question 


Creation of the search algorithm 


Definition of the databases 


Evaluation the identified literature 


Creation of a synthesis 


Fig. 2. Procedure of a systematic literature search [14, 16]. 


concerning the type of literature. Contributions in English and German language are 
considered. The research refers to the following question. Which conceptual approaches 
to the Biological Transformation of Holistic Production Systems are already available? 
The papers in the databases are searched according to the search algorithm, which 
consists of individual keywords. Based on the research question, it is obvious to use 
keywords such as "Biological Transformation" and "Holistic Production System" for 
the search. However, there are also synonyms for the term Biological Transformation, 
such as Biologicalisation. All terms used in the systematic literature review can be taken 
from Fig. 3. Fitting combinations of the terms Biological Transformation and HPS were 
used, aiming to locate holistic support of HPS through Biological Transformation. 


Terms used for biological transformation Terms used for holistic production systems 


Biological Transformation Holistic Production System 
Biologicalisation Lean Production System 
Bionic Production System 
Biomimetic Manufacturing System 
Bio-integration Holistic Manufacturing System 


Bio-inspiration 


Bio-intelligent 


Fig. 3. Terms used in the systematic literature search. 


Scopus is one of the largest databases of peer-reviewed articles. Unlike other 
databases, these two in particular cover scientific journals well. The search with the 
terms from Fig. 3 yielded 86 results. To further narrow the search, the next step is to 
filter the papers. For this purpose, two steps are executed. First, the journals and volumes 
in which the articles are published are reviewed for their research fields. Journals that are 
not related to production systems are omitted. After filtering by journals and volumes 41 
papers remain. In the second step, the remaining articles are filtered. For this purpose, the 
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title, as well as the abstract, are included. The scope of this systematic literature search 
refers to the Biological Transformation of Holistic Production Systems. Neighboring 
research areas, such as materials or product development, were left out. After the second 
filtering, 10 papers remained. The following section presents these papers. 


3.3 Evaluation of the Literature 


BERGS ET AL. describe an approach for bio-inspired manufacturing. Therefore, self- 
adaption in manufacturing is considered. Cyber-physical production systems (CPPS) are 
key technological enablers to foster flexibility of manufacturing systems towards highly 
individual products within a mass production regime. Ideal CPPS physical components 
are equipped with sensing, communicating, and computation capabilities to enable real- 
time manipulation of the component (digital twin), while complex computation and data 
processing usually are carried out by cloud services. By doing so, otherwise lifeless 
objects may gain biological living system characteristics. If managed and organized 
beneficial, e.g. holistically like nature, CPPS are expected to deliver high capabilities 
of self-adaptation, including self-diagnosis, self-configuration, and self-optimization. 
Based on the digital twin properties it is possible to digitally process all component- 
specific information, containing all planning, raw material, and machining data covering 
the entire lifecycle. This means CPPS facilitate the bio-integration of production systems 
[17]. 

BAUER ET AL. develop a generic model to describe and characterize the essential 
developmental stages of autonomous production. Autonomous production compiles self- 
organization, self-optimization, dynamic and distributed networking, flexibility, adapt- 
ability, and virtualization. Due to automation progress, cyber-physical systems emerged 
which are linked directly to the feasibility of autonomous processes. Digital transforma- 
tion is seen as the evolutionary development of industrial manufacturing towards con- 
nected and autonomous cyber-physical production systems. Lastly, Biological Trans- 
formation is described as addressing the comprehensive set of challenges for future 
manufacturing systems based on resource dependency, energy efficiency, and system 
complexity which cannot be solved by digital transformation alone. This clarifies that, 
for real, sustainable, and beneficial future autonomous production, biological principles, 
such as swarm-intelligence and metabolism principles, have to be integrated into manu- 
facturing. The stage model is presented in a morphological box and consists of different 
features of manufacturing systems — depending on its scope — with each owning five dif- 
ferent maturity levels as possible solutions. The defined autonomous production systems 
are as follows: 


stage 0: analog factory, 

stage 1: transparent factory, 

stage 2: flexible factory, 

stage 3: semi-autonomous factory and 
stage 4: autonomous factory. 


The features of each stage are presented by the author. Lastly, the model was evaluated 
by experts who had to assess their actual and targeted stages [18]. 
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LEITAO AND BARBOSA also consider autonomous factories. They describe how the 
inspiration of animal swarms helps to get an autonomous factory. Thereby they consider 
for example supply chains, shop floor layout and scheduling [19]. 

MELLA ET AL. describe the holonic view applied to manufacturing systems. The 
holonic view is a concept of realizing everything in the universe, may it be atoms, 
molecules, cells, individuals, systems, words or concepts must not be seen as an indi- 
vidual but as a whole composed of smaller parts while being part of a larger whole. 
Holarchies and holonic networks based in the manufacturing industry are the Holonic 
Manufacturing System, the Bionic Manufacturing System, and the Fractal Manufac- 
turing System. In Holonic Manufacturing Systems (HMS) holons are seen as building 
blocks of a manufacturing system with the capabilities of autonomy and cooperation, 
therefore creating operational plans and strategies and controlling their implementation, 
carrying out processes involving transformation, transportation, conservation, and con- 
trol of physical objects or information. HMS’s special trait is that it involves simple units 
(holons) and methods of cooperation to perform complex tasks. If a holon has a problem 
or fails to execute the task then other holons reroute the process to avoid major disrup- 
tions. The Bionic Manufacturing System (BMS) holarchy is seen as a similar approach 
to the HMS. Its design methodology is conceived as an interaction of elementary coop- 
erative, flexible, and adaptive individual operator holons. The differentiating feature of 
a BMS is the capability of autonomous decision-making of not only the processes to 
carry out but also the necessary input and output volumes, by each operational unit [20]. 

Several authors, such as REISS ET AL. [21], RAIS ET AL. [22], and THARUMARAJAH 
ET AL. [23], also consider holonic production systems. 

DEMEESTER ET AL. describe an organic production system that is based on a biolog- 
ical cell. A cell uses a small set of inputs to manufacture a wide range of compounds that 
help to interact appropriately with its environment and eventually allow it to reproduce 
itself. Just as in production systems the cell metabolism can be depicted in a flow diagram 
where raw materials are transformed into products by a series of processes. Enzymes ina 
cell are considered machines within a production system. With its thousands of biochem- 
ical reactions and flow connections, the cell’s complexity of production matches even the 
most complex industrial manufacturing networks. While the basic functions are com- 
parable its performance pressures are similar as well. The cell uses many mechanisms 
applied to today’s production systems. As an example, a cell operates in a very lean way 
by using pull systems, and excess capacity is kept to a minimum. Broken molecules do 
not leave the source in the cell, therefore ensuring quality control and avoiding rework 
loops. Lastly, the cell uses modularity, component commonality, and postponement in 
its biochemical pathways (production lines) for its advantage. The equivalent to the pull 
system in manufacturing is the feedback inhibition in cells. Production in cells only 
occurs if the final product is depleted, coined downstream shortage. Furthermore, the 
cell uses a key-lock principle to guarantee a proper fit between substrate and enzyme, so 
that only a particular substrate can be further processed by an enzyme. This technique 
is comparable to the Poka Yoke technique. In conclusion, an organic production sys- 
tem consists of customized local production with universal components and just-in-time 
tools as well as a local circular economy [24]. 
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4 


Conclusion and Outlook 


Today’s challenges in manufacturing, Holistic Production Systems, and Biological 
Transformation are introduced. The focus of this paper is HPS, therefore the structure 
according to VDI 2870 is described. The main part contains a literature review. For this 
purpose, the approach as well as the results are shown. The approaches identified relate 
generally to production. However, in the paper by DEMEESTER ET AL. Poka Yoke is 
included as a GPS principle. The literature review shows that Biological Transformation 
is already part of production systems. However, Holistic Production Systems are not yet 
fully considered. In the next step, biological principles which support HPS have to be 
identified and integrated. 
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Abstract. With the increasing decline in the environment and natural resources 
it is important to find new ways in which manufacturing can increase the sustain- 
ability of the world. This study seeks to compare LimeX, a state-of-the-art paper 
and plastic alternative primarily made of limestone, with conventional paper and 
plastic materials. For a better understanding of LimeX as a material, a brief inves- 
tigation of the mechanical and chemical properties will be performed through 
experimentation and analysis. In addition, this paper aims to evaluate the sus- 
tainability of LimeX through the analysis of metrics relating to the triple bottom 
line (environmental impacts, economic impacts and societal impacts) to evaluate 
and compare the sustainability performance of LimeX products with conventional 
paper and plastic products. The previously developed Product Sustainability Index 
(ProdSJ) will be adapted and used in this study to conduct the sustainability evalu- 
ation. Major findings will include results from an experimental analysis of LimeX 
via SEM and EDS, and LimeX material property measurements via tensile test- 
ing and density measurements. In addition, there will also be a comparison of 
the sustainability performance of conventional paper and LimeX using a simpli- 
fied ProdSI. The study found that LimeX was marginally more sustainable than 
paper, but this evaluation could change with information from the development of 
a life-cycle analysis report on the material. 


Keywords: LimeX - Product sustainability index - Paper and plastic alternative 


1 Introduction 


There has long been a focus on the development of an alternative for conventional paper 
and plastic to improve global sustainability [1]. The manufacturing of synthetic oil-based 
plastics such as polypropylene (PP), polyethylene (PE) and polystyrene (PS) has led to 
an insurmountable amount of waste and CO? emissions accumulating. This study aims 
to introduce and investigate a recently developed paper/plastic alternative called LimeX, 
a material primarily made from limestone (CaCO3) with a plastic additive added to act as 
a binder for the material, to determine its sustainable performance in comparison to that 
of conventional paper and plastic. In recent research [2—5], the Product Sustainability 
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Index (ProdSI) has been instrumental in successfully evaluating and improving the sus- 
tainability of products. The ProdSI centers around three basic parameters of economic 
prosperity, environmental protection and societal well-being which are referred to as 
the triple bottom line (TBL) [3]. Fiksel et al. determined a list of product sustainability 
indicators to assess the TBL aspects of products [6]. Then a new and improved frame- 
work for the evaluation of product design for sustainability was presented by Jawahir 
et al. [7]. Although subjective, sustainability evaluations taking the lifecycle of a product 
into account could lead to a more effective evaluation of the total lifecycle sustainability 
performance [7]. Finally, Shuaib et al., [8] used the metrics from [7], together with new 
metrics for TBL criteria, to develop the ProdSI and applied it to compare the sustainabil- 
ity performance of two different generations of consumer electronics products [7]. The 
metrics highlighted in [7, 8] include waste, extraction, emissions, material recovery and 
efficiency and recyclability in terms of the environmental impacts; material, production, 
injury, warranty, labor and raw material costs in terms of economics; and ergonomics, 
ethics, functionality, safety and health in terms of societal impacts. In this study, similar 
metrics are highlighted to evaluate the sustainable performance of LimeX products. 


2 Experimental Analysis of LimeX 


A series of experiments were performed to investigate the information provided by 
the company that manufactures LimeX, TBM [9]. Part of the investigation into LimeX 
involved confirming that its composition was primarily limestone, as indicated by the 
manufacturer. In addition, an evaluation of the strength of LimeX paper was conducted 
to determine whether it was more durable than conventional paper. The measurements 
obtained from the analysis were used to inform the ProdSI-based sustainability analysis. 
The mechanical properties of the products play a role in how the product functions and 
the feasibility of multi-life-cycle applications of LimeX. 


2.1 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy 
Analysis of LimeX Pellets 


Initial electron microscopy characterization of the LimeX surface topography was 
performed with a FEI Helios NanoLab 660 microscope. Subsequently, the first few 
micrographs were used to determine if the LimeX pellets were porous. 


Fig. 1. Electron Microscopy Micrographs of LimeX Pellet. 
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Because of the non-conductive nature of the LimeX, there were difficulties in imaging 
caused by the charging of electrons on the surface. However, this charging led to some 
insights in the composition of LimeX. Charging, instead of random placement, appeared 
to be localized in specific areas of the sample seen in Fig. 1. This was likely due to 
inhomogeneity in composition. Additionally, the charging of electrons made it difficult 
to capture extremely magnified images as the charging increases as the beam is localized. 
A lower voltage along with a circular backscatter detector was utilized in combating 
charging. After initial analysis, the pellets were imbedded into a conductive, graphite 
puck to prevent charging issues by giving the electrons a path to disperse more quickly. 
Grinding away the surface and making a planar sample also reveals that the interior 
surface of the pellet is not porous. Moreover, EDS results (presented in Fig. 3) show 
anisotropy of chemical composition suggesting LimeX is non-homogeneous. 


100 pm 


Fig. 2. Electron Microscopy Micrograph used for EDS. 


The voltage was increased from the previous 2kV to 10 kV to allow for better 
penetration of electrons and more surface detail when capturing images of the pellets 
inside the graphite puck. The compositional maps in Fig. 2 show that the material is 
in-homogeneous with very little calcium being present on the surface compared to the 
amount of carbon and oxygen present on the surface. What’s more, the magnesium 
present suggests the mined limestone contained dolomite (CaMg(CO3)2) and not just 
the typical calcite (CaCO3) found in limestone. The complete chemical composition can 
be seen in Table 1 below. Conventional paper is primarily made of cellulose. 


Table 1. Chemical composition of LimeX pellets. 


Element Weight % Signal 
C 72.28 0.11 
O 24.14 0.10 
Ca 2.64 0.04 
Mg 0.65 0.2 

Si 0.18 0.2 
Al 0.11 0.2 
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Furthermore, there is a small portion of silica and aluminum found in the LimeX 
pellet. These are thought to be imbedded during the polishing process. 


"00pm 


Fig. 3. EDS Micrographs showing anisotropy of LimeX’s chemical composition. 


2.2 Material Property Testing 


A 5. KN Instron Tensile Testing machine and Bluehill Software were utilized to conduct 
semi-destructive tensile tests that measured the strength and Young’s modulus of four 
LimeX paper samples with differing thicknesses of 150, 200, 300, and 400 um. An 
extension rate of 7.5 mm/min was applied. The experiment was repeated three times per 
thickness. Table 2 shows the material properties found for LimeX paper. The experi- 
mental tensile strength values match the values provided by TBM, but the experimental 
values of Young’s modulus differ from the values provided by approximately 20% [9]. 
This error may be ascribed to a difference in the material properties due to changes made 
by manufacturing processes. To conclude, the strength and toughness values indicate that 
LimeX paper is stronger and more durable than conventional paper when comparing the 
tensile strength test to a bursting test [10]. However, conventional paper is anisotropic 
and dependent on fiber direction leading to a measurement of tensile strength in units 
per length rather than area. 


3 LimeX Sustainability Evaluation 


Product sustainability evaluations for product design as researched by Shuaib et al. and 
Jawahir et al. [3, 8], and additively manufactured products as researched by Zhang et al. 
and Happuwatte et al. [4, 11] have been developed and have been used to make substantial 
progress in the assessment of product sustainability. While product sustainability eval- 
uations provide benefits through a rigorous sustainability analysis framework, they are 
also very subjective due to the weighing and normalizing of individual metrics [11]. The 
subjectivity involved in sustainability evaluations can lead to different results depend- 
ing on the biases. Although this is the case, product sustainability assessment methods 
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Table 2. Experimental tensile test results for LimeX paper. 


Thickness (um) | LimeX - Average Tensile | Average Young’s | Average Max. Load (N) 
Strength (MPa) Modulus (MPa) 

150 13.46 1949.05 13.82 

200 14.38 2181.57 18.70 

300 14.1 2,117.71 27.49 

400 14.31 2,029.93 37.21 

St. Dev 0.42 101.58 10.30 


have been shown to accurately reflect changes in sustainability performance for different 
generations of products as shown by [3]. For context, there is a five-level hierarchical 
structure in the construction of a ProdSI [5]. The five levels, top to bottom, include: 
ProdSI, sub-indices, clusters, sub-clusters, and individual metrics. The sub-indices rep- 
resent key performance areas relevant to each TBL aspect. The clusters are divided into 
sub-clusters that address elements relating to the clusters they fall under [5]. Finally, the 
sub-clusters are divided into individual, measurable metrics [5]. The measured values 
are then converted into dimensionless scores. Afterwards the dimensionless scores gen- 
erated are aggregated to determine the ProdSI score. Once the ProdSI score is obtained, 
the entire process is reviewed for errors and the sustainability performance is deter- 
mined. Because this paper focused on the introduction of a new paper/plastics product, 
performing a product sustainability evaluation is a necessary step in investigating its 
sustainability performance. Due to the lack of access to data for all different metrics, 
this paper utilized a simplified ProdSI to investigate the performance of LimeX products. 


3.1 Selection of Individual Metrics 


Firstly, the individual metrics chosen in this study for sustainability evaluation were 
determined based on elements related to the manufacturing of paper and plastic products. 
The ProdSI application was simplified (not concentrating on clusters and sub-cluster) to 
only identify metrics that will provide a general framework to measure performance of 
the two products under review towards achieving sustainability goals. To start, the key 
metrics in determining environmental sustainability were identified as energy use, waste 
generated, and resource efficiency. Next, the economic impacts sub-index is assessed 
based primarily on the initial investments, costs, benefits and losses. Finally, the societal 
impacts sub-index was assessed by primarily focusing on safety and health impacts, 
functional performance, product end-of-life (EOL) management, and product impact. 
These individual metrics were chosen based on each focus and had to be a quantifiable 
value with a unit or have shown a clear advantage/disadvantage in terms of sustainability. 
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3.2 Weighing and Aggregation 


Weights are assigned to metric based on the equal weight method, given by [5]. However, 
not every individual cluster and sub-cluster has a quantifiable unit due to the lack of infor- 
mation on LimeX, and so a simplified approach was taken in which positive and negative 
values were assigned based on the information obtained for each individual metric. 11 
ios. For example, if the development of LimeX plastic is safer than the development 
of conventional plastic (no quantifiable measurement), the score for the LimeX plastic 
safety metric would be slightly higher than the conventional plastic safety metric based 
on the conclusions of the study taken. The quantifiable measurements can be scored 
directly based on the measured values and what’s being measured. This is explained in 
depth in the next section. 


1 
ProdSI = 3 Be + Ey + Se) (1) 
13 17 110 
E: + Ey + Ee = Aa + Zainal + TD (2) 


Here, Ec, Ey, Sc, wi, and Cj are the sub-index score for economic impact, sub-index 
score for environmental impact, sub-index score for societal impact, weight of the i 
metric and score of j® metric, respectively. 


4 Sustainability Results and Discussion 


As stated in the introduction, the aim of this paper was to investigate LimeX products 
and calculate a ProdSI to evaluate its sustainability. The ProdSI will be simplified due 
to the lack of life cycle data available for the material. The individual metrics generated 
by the ProdSI will be utilized to quantitatively evaluate and compare its environmental, 
societal, and economic impacts with that of conventional paper and plastic. This section 
will include a breakdown of each metric, sub-index and ProdSI score. The physical 
quantification of individual metrics cannot be grouped together directly, therefore the 
metrics must be converted into a single normalized scale [3]. In this study, rather than 
normalizing measured values for the individual metrics [3], a score from 0-10 where 
0, 2, 4, 6, 8, and 10 are the worst case, bad, below average, average good, and best 
respectively was utilized to place the individual metrics on a dimensionless scale. The 
scores are based on subjective factors specifically pertaining to the importance of each 
metric in terms of each sub-index. A standard normalization method for the conversion 
does not exist [12]. In this context, the score of each metric was determined based on 
the value of each measurement, based on the advantage and/or disadvantage of each 
measured value pertaining to the overall sustainability, and how relevant the metric 
is to the sustainability performance. The individual metrics were weighed equally for 
simplicity. Equation 1 and 2 were used to compute the sub-index and ProdSI scores 
(Table 3 and 4). 
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Table 3. ProdSI Metrics selected for analysis. 


Sub-Index Metric 1 Metric 2 Metric 3 Metric 4 

Env Energy use Waste Generation Material Use 

Econ Costs Benefits/Losses Investments 

Soc Safety/Health Function Production EOL Product Impact 

Table 4. ProdSI Computation. 

Sub-Index LimeX | Paper LimeX SubIndex | Paper Sub-Index | Paper ProdSI Score 
Metric | Metric Score LimeX ProdSI 
Score Score Score Score 

Env 7,6,7 4.5,4,5 6.67 4.5 

Econ 6,5,6 5,7,8 5.67 6.67 6.78 6.22 

Soc 7,6,7,4 | 6.5,6,3,7 |8 7.5 


4.1 Environmental Impacts 


The energy consumption for LimeX is less than that of paper because LimeX products 
use more renewable resources and less non-renewable resources than conventional paper 
and plastic [13]. Secondly, the waste generation metric in the environmental section of 
the ProdSI was given a score of 6 and 4 because LimeX products emit less CO2 than 
conventional paper and plastic [14]. Lastly, there is the material use metric. The score 
given for material use was a 7 and 5 because to date, a higher percentage of LimeX 
products are recycled than conventional paper and plastics [14]. 


4.2 Economic Impacts 


The cost metric in the economic impacts section of the ProdSI was given a score of 6 
and 5 because the cost of conventional paper was more than the cost of LimeX products 
and because there are fluctuations in the cost of the oil-based resin used in conventional 
plastic where this is not the case for LimeX products. Additionally, the benefits/losses 
metric in the economic impacts section of the ProdSI was given a score of 5 and 7 because 
there are already many recycling facilities for conventional paper and plastic in the US, 
but there are no recycling facilities for LimeX products. Although LimeX does not use 
trees in its lifecycle and uses very little water, it does require the mining of limestone. 
Finally, the initial investment metric in the economic impacts section of the ProdSI was 
given a score of 6 and 8 because very little investments are required for conventional 
paper/plastics products that are already the norm whereas there is no infrastructure for 
LimeX. 
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4.3 Societal Impacts 


In the final sub-index section, safety and health metric in the societal impacts section of 
the ProdSI was given a score of 7 and 6.5 because the operator safety/health for LimeX 
products was reported to be higher and better than for conventional paper. Afterwards, 
the functional performance metric in the societal impacts section of the ProdSI was given 
a score of 6 and 6 because LimeX is stronger than conventional paper. Lastly, the product 
EOL management metric in the societal impacts section of the ProdSI was given a score 
of 7 and 3 because LimeX products are much more recyclable than conventional paper 
and plastics. Ultimately, the product social impact metric in the product societal impacts 
section was given a score of 4 and 7 because LimeX products are not visible globally, 
being relatively new. 


5 Conclusion 


The ProdSI method adapted from previous methods in this paper compares the paper and 
plastic substitute material LimeX to currently used conventional paper/plastic products. 
Results from the simplified ProdSI indicate the sustainability performance of LimeX, 
producing a ProdSI of 6.78, was better than conventional paper and plastics, with a 
ProdSI of 6.22. However, since LimeX products are relatively new there has been little 
to no evidence of a LimeX lifecycle and discarding of LimeX products in the US. 
Results from the experimental analysis in Sect. 2 indicate that LimeX paper is stronger 
than conventional paper and that the material is primarily limestone as claimed by TBM 
[9]. Further research is required to validate long-term sustainability of LimeX. In future 
work, a life-cycle analysis of LimeX will be conducted in the US. 
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Abstract. Supply chain issues arising from market turbulences force companies 
to find new solutions in the short term. Hence, deviations from the ideally designed 
business processes are inevitable, especially during production planning and con- 
trol. These deviations result in unforeseen process variants. In addition, process 
steps of those process variants are often not completely conducted with IT sys- 
tems and are therefore difficult to trace. Another underlying problem lies in the 
bias of performance measurement of process variants because each variant aligns 
with different goals and framework conditions. For these and other reasons, the 
performance management of process variants presents a challenge. To overcome 
this challenge, a serious game is being further developed in a research project. The 
goal is to provide trainings for performance management in a turbulent business 
environment with the serious game. It simulates the business processes and supply 
chain issues of a drilling machine manufacturer and serves as a use case for the 
research presented in this paper. The challenges associated with the performance 
management of unforeseeable business process variants are derived from the use 
case. A gap analysis is conducted between the challenges and existing require- 
ments for the development of performance management systems. Based on this, 
adjustments are proposed to existing requirements and new requirements are being 
developed. 


Keywords: Performance Management System (PMS) - Supply Chain Issues - 
Business Process Variants - Serious Game 


1 Introduction 


In science, process variants are defined as “A subset of executions of a business process 
that can be distinguished from others based on a given predicate” [1]. In other words: 
“A business process variant is a fundamental flow variant of a business process which 
uses the same input and delivers the same measurable outcome” [2]. In manufacturing 
companies, there are three main factors for the different executions and deviations from 
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the ideally designed business process: deliberate business decisions, human factors, 
and contextual factors [1]. In terms of deliberate business decisions such as changes 
in the corporate strategy and the product portfolio, the process variant emerges due 
to plannable changes in the company [1]. Especially SMEs in a highly competitive 
business environment need to create diverse product variants in order to meet customer 
demands, which leads to a large amount of customer-specific production processes [3]. 
In terms of human factors, limited knowledge, time, or, resources as well as unintended 
mistakes can lead to process variants [1]. Another type of process variant emerges as 
a result of contextual factors from the corporate environment [1]. These variants can 
be further categorized as exception handling and ad-hoc problem solving [4, 5]. The 
former, exception handling, concerns the management of rare, large-scale disruptions, 
that have an impact on the company as a whole. Recent examples of such disruptions 
are COVID-19 pandemic and natural disasters. This work deals with the latter, ad-hoc 
problem solving: The type of process variants that arise due to unforeseeable, ad-hoc 
problems such as supply chain issues arising from market turbulences. Those problems 
force companies to find new solutions in the short term and primarily interrupts the 
production planning and control processes [6]. 

Managing large, globalized enterprises increases the need for Performance Man- 
agement Systems (PMS) as unforeseen problems occur at production sites with greater 
speed and complexity [7]. A PMS is a system that generates performance information 
through strategic planning and performance measurement routines and that connects this 
information to decision venues [8]. KRAUSE [9] conducted an empirical study on existing 
PMS approaches in practice. From the study, he derived requirements and developed a 
stakeholder benefit-oriented and business process-based method to successfully develop 
and implement PMS. However, in the method, deviations from the ideally designed 
processes are not considered. In fact, many organizations suffer from simultaneously 
managing a large number of process variants, resulting in high resource consumption 
[2]. To overcome this challenge, requirements for the development of a PMS with con- 
sideration of process variants for ad-hoc problem solving are being developed on a use 
case basis and are presented in this paper. 

This research is conducted by TU Berlin students within the framework of a research 
project, which is funded by the German Federal Ministry of Education and Research 
(BMBF) and led by the Fraunhofer IPK. In Sect. 2, the use case is described in detail. 
Section 3 contains an overview of the challenges associated with process variants. These 
challenges were derived from the use case. Section 3 also gives an overview of the state 
of the art of PMS. Section 4 elaborates on the degree of how much the requirements 
by KRAUSE [9] address the named challenges and proposes adjustments as well as an 
additional requirement. Section 5 provides a summary and outlook. 


2 Use Case 


The challenges associated with the performance management of process variants are 
analyzed based on a serious game, in which the non-linear production processes as well 
as the supply chain problems of a drilling machine manufacturer are simulated as a use 
case. A serious game is an experimental learning approach without exposure to risks and 
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dangers, and have proven to provide researchers the chance to research complex, poorly 
organized problems and prepare stakeholders for practical decisions [10]. The products 
of the drilling machine manufacturer range from hand-held cordless drill drivers and 
universal rotary hammer drilling machines to jigsaws. To meet regional requirements 
and customer preferences in the use case scenario, each product is available in various 
product variants. 

The target for this research is a driller production line operated by a pull-principle 
with the capability of sequentially producing seven product variants. All essential busi- 
ness processes such as sales, production, assembly as well as logistics are established. 
Contemporary challenges such as short-term order fluctuations are reflected. In the 
course of the serious game, a sudden supply chain issue occurs: Due to local regulations, 
a particular part of the drilling machine is banned from production after the discovery of 
hazardous chemical material linked to a health issue. Concerning this issue, three prod- 
uct variants can no longer be sold. To address the issue, the company has the following 
options shown in Table 1. 


Table 1. Options in the serious game for solving a sudden supply chain issue. 


Impact Categories 


Cost/ Budget | Revenue Customer Legal 
Options | A - New Higher part 
Supplier cost 


B - Invest in Higher 
new equipment | investment 


C - Eliminate Loss of roughly Risk of losing 

affected 60% of revenue | customers 

product (portfolio issue) 

D - Ignore Risk of losing | Penalty of 
regulations customers 30-60% of 


(health issue) | profit 


In order to compare the solution options and resulting process variants, it is not 
enough to directly compare the impact of one option to the other because the process 
performance is a result of a series of intertwined decisions that are made before and after 
the incident [11]. For example, the company would weigh up options A and B according 
to the make-or-buy strategy. If the same part is delivered by a new supplier, efforts are 
necessary to integrate the new supplier, but the manufacturing processes could remain 
unchanged. Option B requires high investments and considerable process changes but 
would also increase the robustness of the company. With options C and D, the company 
would risk not only the loss of revenue or penalty but also the loss of customers. With 
these variants, the company could be sacrificing its future profitability. However, if the 
demand for this product is declining already, it would be a viable risk. It becomes visible 
that the options need to be considered within the framework of business goals and the 
corporate environment of the company. 
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3 State of the Art 


3.1 Challenges 


The use case reveals several challenges for performance management of business pro- 
cess variants. Firstly, as explained in the previous section, it becomes visible that the 
performance of business process variants cannot be directly compared to each other 
and the ideally designed process due to differences in (C-1) goals, process sequences, 
and structure as well as framework conditions (e.g. different quote-to-cash process 
execution by different organizations) [1]. Furthermore, (C-2) some process variants 
may not have existed before, because they are deviations from the ideal process and 
have therefore not been considered in the PMS. This challenge is intensified if the (C-3) 
processes are strongly interrelated with each other and are hard to trace because 
they are not fully conducted with IT systems. In the use case, the supply chain issue 
occurs suddenly and option B, which is a complex process variant due to its interrelations 
with manufacturing processes, has not been considered before as the company was not 
planning on investing in new equipment. 

As each decision opens up a new branch of options and possible process chains, 
the involved process roles and stakeholders involved are different depending on the 
option. Different stakeholders hold different views on process variants (C-4) that 
were generated for different purposes [2]. For developing a PMS for the use case at 
hand, for instance, the involvement of the legal team needs to be considered, especially 
when evaluating the performance of Option D. Therefore, the interest is required to be 
balanced between stakeholders because they embrace different objectives [7]. Lastly, 
as described in Sect. 1, one major reason for the occurrence of process variants is the 
need for companies to quickly adapt to changes in the corporate environment [12]. It is 
resource- and time-consuming (C-5) to monitor and control a large number of business 
process variants simultaneously [2]. Furthermore, for making an informed decision for 
one of the four process options, a quantitative prognosis for each of the options (C-6) 
is needed. 


3.2 Existing PMS Approaches and Requirements Development 


PMS can be classified into three categories: traditional, framework-based, and 
technology-based approaches [9]. This work focuses on analyzing framework-based 
PMS because the framework-based PMS enables companies to derive an individual 
PMS according to their business strategy [9]. Balanced Scorecard (BSC), Performance 
Pyramid, and Performance Prism are the three main framework-based approaches for 
performance management [13]. 

KRAUSE [9] developed requirements for PMS by deriving them from an empiri- 
cal study on the success of existing PMS approaches and assigned the requirements 
to four clusters: The general PMS concept, the knowledge base and procedure model 
for developing a PMS, and the software support for PMS implementation. In his work, 
the feedback and feedforward principle of business processes in the sense of a closed 
loop is considered. Furthermore, in contrast to previous approaches, KRAUSE takes a 
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process-oriented perspective in a way that the PMS covers the entire value chain pro- 
cess. However, as mentioned in Sect. 1, unforeseen process variants are not considered 
in his work. The stakeholder benefit-oriented and business process-based method was 
developed based on the assumption that all processes run according to plan. 


4 Requirements for PMS with Consideration of Process Variants 


4.1 Development Approach 


The overall steps for requirements development are summarized in Fig. 1. Firstly, the 
research group conducted the serious game, identified the relevant challenges and con- 
ducted a literature review to analyze existing requirements. Based on the work of KRAUSE 
[9], the gap between the challenges (Sect. 3.1) and existing requirements by KRAUSE 
(Sect. 3.2) was analyzed. The results of the analysis are summarized and elaborated in 
Sect. 4.2. Next, based on the use case, the gap in requirements was derived from this 
analysis, and additional requirements as well as adjustments to existing requirements 
were proposed. Thereby, the adjusted requirements list was specified with consideration 
of process variants. In Sect. 4.3, an excerpt of the specified requirements is elaborated 
based on the use case. 


Identify 
challenges and 


Execute 
serious 
game 


Derive gap in Propose new Specified new 
requirements list 


established 


existing additional 
requirements requirements 


analyse existing 
requirements 


Fig. 1. Steps for requirements development 


4.2 Relation of Existing Requirements and the Challenges 


The degree of how much existing requirements by KRAUSE [9] addresses the named 
challenges is summarized in Table 2. The gap analysis is explained below the table 
using the first cluster as an example. 

The first cluster consists of three requirements. According to KRAUSE, a PMS needs 
to take a holistic approach in the way that it must include four components (A1-1): 
critical success factors, business processes, performance improvement projects, and per- 
formance indicators. Hence, the need to consider the differences in goals and framework 
conditions of process variants (C-1) is partially covered by this requirement. If a PMS 
is developed for the use case under this requirement, the PMS would take the critical 
success factors ‘implementation time’ and ‘implementation cost’ into account when 
comparing the performance of, for example, Option A and Option B. 

The second requirement defines that the PMS needs to be integrated into the 
organization-specific management systems (e.g. existing risk management system) (Al— 
2). This enables the performance management of interrelated processes (C-3) which are 
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Table 2. Gap analysis between existing requirements by KRAUSE [9] and the challenges 
associated with the performance management of process variants. 


Challenges associated with process 
Existing requirements by KRAUSE variants 
C3 | c-4 [C5 


O 
d 
T 
to 
P 
a 


Overall concept 
Al-l Holistic approach 


Al-2 Integration of results 


Al-3 Openness 
Knowledge basis 
A2-1 Map the content and structure of existing PMS 


A2-2 Map the existing tech and templates 


A2-3 Indicator category 
A2-4 Reference model 


Process model 
A3-1 Create task-specific PMS 
A3-2 Method for creating as-is and to-be profile 


A3-3 Transparent cause-effect network 
A3-4 Definition of business process based on indicator 
A3-5 Indicator data model 


A3-6 Create a tetrahedral structure for PMS 

Integrate user participation through the counter- 
current principle 

Software support 


A3-7 


A4-1 Secure the experience 


A4-2 Use of knowledge 


A4-3 Construction of new PMS 


A4-4 The adjustment from PMS-Content and structure 


A4-5 Analysis of PMS-Content and -structure 


CETT |OOEGGSSe CTT OGE 
BABGGIGBG | OJOGOGSO |SGOO AOO 
FOTOO |F OTT |OOGO Cee 
BIABGGIOO | O|\OGGOOG |OGG@ Ceo 
OBO SGI | OJOGOQOO, |OG@OQ QO 
OOOO | OJ|QQQA®FO, O00909 OQO 


A4-6 Illustration of the value chain 


Legend: © Addresses fully O Addresses partially O Does not address 


conducted by different roles with different stakeholders (C-4). In use case scenario, 
Option C is risky in terms of losing customers. 

By the integration of new aspects including new technologies and instruments, as 
proposed by the third requirement (A1-3), new process variants can also be included 
(C-2). However, the requirements in the cluster “overall concept’ (Al—1, A1-2, A1-3) 
do not address the issue of high resource consumption of process monitoring (C-5) and 
the need for predictive prognosis (C-6). 

In summary, the challenges (C-1), (C-2), (C-3), (C-4) and (C-5) are largely addressed 
by the requirements developed by KRAUSE. However, the predictive prognosis challenge 
(C-6) is only partially covered by requirement (A3—2), which points out that the as-is 
and to-be model should be studied, but lacks the instructions of conducting predictive 
prognosis. 
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4.3 Excerpt of Specified Requirements 


Next, based on the gap analysis, the set of generic requirements by KRAUSE [9] were 
specified for the performance management of process variants. The specification was 
done by adjusting the generic requirements and by adding new requirements in order to 
create a set of requirements that fully address the named challenges. In this paper, the 
specification is demonstrated with one example (“Benefit potential’ (A4—7)) of a newly 
proposed requirement, which is shown in Table 3 and explained in the following. 


Table 3. Evaluation of the newly proposed requirement 


Challenges associated with process 
Newly proposed requirements variants 
C-1 | C-2 | C3 | C-4 | C-5 | C-6 


A4-7 Benefit potential Q Qe Q © O [<] 


Legend: © Addresses fully @ Addresses partially O Does not address 


The gap analysis revealed that challenge (C-6) is not covered by the existing set of 
requirements. Therefore, one new requirement, which addresses the need for predictive 
prognosis had to be integrated into the set. In the use case, for example, Option A not 
only increases the cost of production but also brings no direct benefit to the future of 
the organization. On the other hand, Option B can enhance organizational resilience to 
mitigate future disruptions but comes with much higher investments at present. Hence, 
predictions of not only the estimated profit but also intangible benefits to the organization 
have to be made in order to make an informed decision for one of the process variants. 
For instance, return of investment and technology capabilities for each option should be 
evaluated respectively. Additionally, the benefit potential needs to be clarified, based on 
the value chain of the organization. By fulfilling this requirement, the relevant interests 
of different (C-4) stakeholders can be considered as well. 


5 Summary and Outlook 


The challenges associated with process variants were analyzed based on a serious game 
as the use case. An overview of previous research on process-oriented development of 
PMS is given. Building on the work of KRAUSE, the requirements for the development 
of a PMS were further developed in order to overcome the named challenges. The 
specification and evaluation of the requirements is demonstrated with one requirement 
in this paper. It was newly added to the set of requirements in order to address the 
challenge concerning the need for predictive prognoses. 

Further steps of the research at hand is the development of a PMS for the use case 
based on the specified requirements. Afterwards, the PMS will be implemented in the 
serious game. The last step is the validation of the implemented PMS and of the under- 
lying specified requirements. Finally, the serious game provides a training environment 
for researchers and for managers in the industry for ad-hoc problem solving. 
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